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Kurzfassung

Diese Arbeit untersucht die Wirkung von Betonverfliissigern bzw. FlieBmitteln in Zementlei-
men in frihen Hydrationsstadien, mit besonderem Fokus auf ihren Einfluss auf die rheologi-
schen Eigenschaften und die Bildung von Ettringit. Die drei Hauptteile dieser Arbeit umfassen
die Entwicklung eines Messprotokolls fir eine reproduzierbare, rheologische Charakterisierung
von Zementleimen, die Synthese einer Serie von Polycarboxylatmethyloxazolin (PCMOxa)
Kammpolymeren als Alternative zum weit verbreiteten FlieBmittel Polycarboxylatether (PCE)
sowie die Anwendung des in dieser Arbeitsgruppe entwickelten Rheo-FTIR Aufbaus zur Unter-
suchung der friihen Hydratation von Zementleim in Gegenwart hochgeladener Polymere.

Die systematische Variation verschiedener Messgeometrien und Messparametern ergab ein
Messprotokoll, welches zuverlassige und reproduzierbare FlieRgrenzen liefert. In diesem Proto-
koll wird eine 50 mm Platte-Platte-Geometrie mit aufgeklebtem Schleifpapier der Kérnung 600
als Geometrie verwendet, da diese fiir einen Zementleim mit einem Wasser-zu-Zement-
Massenverhaltnis von w/z = 0,4 eine FlieBgrenze von 46 + 7 Pa lieferte, welche am ehesten dem
Referenzwert von 42 Pa entsprach, welcher auf der Basis des Ausbreitmales errechnet wurde.
Die Reproduzierbarkeit wurde durch strenge Kontrolle des Probenalters (15 min), der VVorkon-
ditionierung (IKA-Homogenisierung, 100s? fir 60s), der Temperatur des Mischwassers
(10 £ 1 °C) und der Umgebung (22 + 1 °C) sowie durch eine Erhdhung der angeriihrten Pro-
benmenge (100 g Zement) sichergestellt. Das Protokoll erfasste sowohl den erwarteten Zusam-
menhang mit der inversen flinften Potenz zwischen FlieRgrenze und Ausbreitmall iber drei
verschiedene w/z-Werte als auch die charakteristische S-Kurve der FlieRgrenze mit zunehmen-
der Konzentration von PCE-FlieBmitteln. Aus diesem Grund wurde das entwickelte Protokoll in
der gesamten Arbeit zur Bestimmung von Flie3grenzen angewendet.

Zur Untersuchung der Struktur-Eigenschafts-Beziehung von Kamm-Superplastifizierer wurde
PCMOxa als mdogliches Modellsystem fur kommerzielle PCE FlieBmittel entwickelt. Zwei
Syntheserouten fur PCMOxa wurden untersucht: eine Aufpfropfsynthese der Seitenketten auf
ein vorsynthetisiertes Riickgrat sowie eine Copolymerisation eines zuvor synthetisierten PMO-
xa-Macromonomers mit Methacrylsdure. PCMOxa zeigte eine Reduktion der FlieRgrenze der
Zementleime, die in Trend und Konzentrationsabhangigkeit der Wirkung von PCE gleicht, und
wies in DOC-Messungen ein vergleichbares Adsorptionsverhalten auf. Diese Ergebnisse besta-
tigen, dass PCMOxa die FlieRgrenze mittels des gleichen Mechanismus wie PCE reduziert,
namlich durch eine Adsorption (ber das geladene Riickgrat an die Zementpartikel und die
Erzeugung sterischer Hinderung zwischen den Partikeln durch die nicht-adsorbierenden Seiten-
ketten. Zur systematischen der Struktur-Eigenschafts-Beziehung wurde Gber die Aufpfropfsyn-
these eine PCMOxa-Bibliothek aus acht Proben dargestellt, in der die Seitenkettendichte N, die
Seitenkettenldnge P und die Riickgratldénge B systematisch variiert wurden. Dabei zeigte sich,
dass PCMOxa eine dhnliche Struktur-Eigenschafts-Charakteristik wie PCE aufweist. Allerdings
ist die maximale Dosierwirksamkeit co/m bei PCMOxa zu niedrigeren P/N-Werten verschoben.
Diese Verschiebung kénnte auf die hthere Kettensteifigkeit und den dadurch erhéhten hydro-
dynamischen Radius der PMOxa-Seitenkette zurtickzuftihren sein. FRP-PCMOxa, welches tiber
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die Macromonomer-Copolymerisation synthetisiert wurde, reduzierte die FlieBgrenze bei einer
Dosierung von 0,1 Gew.-% auf 10 Pa und entsprach damit den beiden Referenz-PCE-Proben.
Diese Flielgrenzenreduktion von FRP-PCMOxa (bertraf alle Grafting-onto-Produkte, was
maoglicherweise auf die niedrigere molare Masse zuriickzuflhren ist, die zu einer homogeneren
Verteilung im Zementleim fihren konnte. Die alternative Seitenkettenchemie von PCMOxa
konnte den bei PCEs beobachteten Ton-induzierten Effizienzverlust abmildern und somit eine
potenzielle zukiinftige Anwendung in CO.-reduzierten Betonformulierungen versprechen.

AbschlieBend wurde die im Arbeitskreis selbstgebaute Kombination aus Hochleistungsrheome-
ter und kommerziellem Fourier-Transformations Infrarot (FTIR) Spektrometer, das sogenannte
Rheo-FTIR, durch zentrale Modifikationen weiterentwickelt. Darunter waren die Neugestaltung
des Spiegelringsystems, die Rekonstruktion des Detektortisches sowie die Verkirzung der
oberen Geometrie. Durch die verbesserte Strahlfiihrung und mechanische Stabilitat konnte das
Signal-zu-Rausch-Verhéltnis im FTIR um einen Faktor von 63 erhoht und die Aufbauzeit von
etwa einer Stunde auf 15Minuten reduziert werden. Obwohl drei getestete Stick-
stoff-Splilkammern die atmosphérische Zusammensetzung innerhalb von 60 min nicht vollstén-
dig stabilisieren konnten, bietet das leistungsstérkste Full-Enclosure-Design (FE) eine vielver-
sprechende Grundlage fiir einen vollstindig eingehausten Rheo-FTIR-Aufbau. Zur
Demonstration des Potenzials wurde das Rheo-FTIR eingesetzt, um die Ettringitbildung wih-
rend des strukturellen Aufbaus von Portlandzementleim (OPC) zu verfolgen. Zur Nachbildung
der Wirkung hochgeladener PCE-éhnlicher Polymere wurden ein lineares und ein sternférmiges
Polymethacrylsdure (PMAA) Modellsystem synthetisiert und hinsichtlich ihres Einflusses auf
die Ettringitbildung untersucht. In Gegenwart dieser stark geladenen Polymere deutet ein friihe-
rer und steilerer Anstieg von G'(t) (w4/2m =1 Hz, y, = 0,01 %) bei geringen Ettringitkonzent-
rationen auf die dominante Rolle physikalischer Wechselwirkungen, wie z.B. polymervermittel-
ter Partikelbriicken in den ersten Minuten bis Stunde der Hydratation hin.



Abstract

This work addresses the effect of superplasticizers in cement pastes at early hydration states,
with a focus on their influence on rheological properties and formation of ettringite. The three
main parts concentrate on the development of a measurement procedure for a reproducible
rheological characterization of cement pastes, synthesis of a series of Poly(carboxylate methyl-
oxazoline) (PCMOxa) comb polymers as an alternative to the most prominent superplasticizer
poly(carboxylate ether), and the application of a homebuilt Rheo-FTIR set-up to an investiga-
tion on the early hydration of cement paste in the presence of highly-charged polymers.

A systematic geometry and parameter screening yielded a measurement procedure that pro-
duced reliable and reproducible yield stress measurements. In this procedure, a 50 mm plate-
plate geometry with 600-grit sandpaper is used as it provided a yield stress of 46 + 7 Pa for a
cement paste of w/c = 0.4, which closely matched the reference value of 42 Pa calculated from
spread flow measurements. Reproducibility was secured by strict control of sample age (15
min), preconditioning (IKA homogenization, 100 s? for 60 s), temperature (water 10 + 1 °C,
ambient 22 + 1 °C) and increased prepared sample batch size (100 g cement). The protocol
captured the expected inverse-fifth-power relation between yield stress and spread diameter
across three different water-to-cement ratios as well as the characteristic S-shaped yield stress
decrease with PCE dosage and was used throughout this work.

To investigate the structure-property relationship of comb superplasticizers, PCMOxa was
developed as a potential model system for the commercial superplasticizer poly(carboxylate
ether) (PCE). Two synthetic strategies toward PCMOxa were explored, a grafting-onto and a
grafting-through approach. PCMOxa demonstrated superplasticizer functionality comparable in
trend to PCE by reducing the yield stress with similar concentration dependence and showing
analogous adsorption by DOC analysis. These findings confirm that PCMOxa reduces the yield
stress by the same mechanism as PCE, namely through an adsorption via the charged backbone
to the cement particles and the creation of steric hinderance between the particles due to the
non-adsorbing sidechains. To investigate the structure-property relationship, a library of eight
PCMOxa comb polymers was synthesized via the grafting-onto synthesis while systematically
varying the grafting density N, the sidechain length P and the backbone length B. Thereby, it
was shown that PCMOxa exhibits a structure-property relationship of a similar archetype as
PCE. However, the maximum dosing efficiency o,/m is shifted to lower P/N values for
PCMOxa compared to PCE. This shift might be attributed to the higher chain stiffness and
consequently the increased hydrodynamic radius of the PMOxa sidechain. FRP-PCMOxa,
which was synthesized via the grafting-through synthesis, reduced the yield stress to 10 Pa at
dosage of 0.1 wt.%, matching the two reference PCE samples. This yield stress reduction of
FRP-PCMOxa outperformed all grafting-onto products, potentially due to its lower molar mass
that might lead to a more homogeneous distribution within the paste. The alternative sidechain
chemistry of PCMOxa might mitigate clay-induced efficiency loss observed for PCEs, thus
promising a potential future application of PCMOxa in low-carbon concrete formulations.
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Finally, the home-built combination of a high-end rheometer and a commercial Fourier-
transform infrared (FTIR) spectrometer, the so-called Rheo-FTIR, was refined with key modifi-
cations including the redesign of the mirror ring system, the reconstruction of the detector table
and the shortening of the upper geometry. By improving the beam alignment and the robustness
of the set-up, these modifications lead to a substantial 63-fold signal-to-noise ratio improvement
in the FTIR while reducing the set-up time from approximately one hour to 15 minutes. Alt-
hough three tested nitrogen-purge enclosure concepts did not fully stabilize atmospheric compo-
sition within 60 minutes, the best performing full enclosure (FE) design provides a promising
starting point for future designs of a fully enclosed Rheo-FTIR. To demonstrate its potential for
the investigations of chemo-rheological relationships, the Rheo-FTIR was applied to monitor
the formation of ettringite during the structural build-up of ordinary Portland cement (OPC)
paste. To mimic the influence of highly charged polycarboxylate ether (PCE), two
poly(methacrylic acid) (PMAA) model systems of a linear and a star topology were synthesized
and their influence on the formation of ettringite was investigated. In the presence of highly
charged polymers, an earlier and steeper von G'(t) (w4 /21 = 1 Hz, y, = 0.01 %) increase at low
ettringite levels indicates a dominant role of physical particle interactions like polymer-
mediated particle bridging within the first minutes to hour of hydration.
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1 Introduction

Concrete is besides water the second most consumed material in the world, with an annual
production exceeding 30 billion tons [1]. This makes it the most important building material
globally. Concrete is composed of binder, water and mineral aggregates such as sand or gravel.
The most commonly used binder is cement which continues to dominate the market with a
global production of approximately 4 billion tons in 2023 [2]. The environmental impact of
cement production represents a major challenge. In recent years, cement production accounted
for roughly 8 % of global anthropogenic carbon dioxide (COz) emissions [3]. This CO: is pri-
marily released during the firing process of clinker, the main component of ordinary Portland
cement (OPC). Efforts are made to reduce these emissions by replacing fossil fuels with renew-
able sources. In the EU, 58 % of the thermal energy was derived from circular waste fuels in
2022 [2]. However, these replacements cannot address the intrinsic process-related CO,-release
during the calcination of the limestone in clinker (CaCO; — CaO + CO,). Two principal strate-
gies are currently being applied to reduce these emissions: carbon capture and storage (CCS)
and the development of low-carbon concrete formulations. CCS is a technical process in which
the CO; generated during industrial operations is captured, transported to a designated site and
then stored deep underground in suitable geological formations [4, 5]. One of the first large-
scale CCS facilities was inaugurated by Heidelberg Materials in Brevik, Norway, in 2025 [4].
However, critics describe CCS as a false solution, arguing that the process often requires ener-
gy-intensive CO; liquefaction and carries the risk of a potential CO- leakage, posing as a signif-
icant environmental hazard [5]. The alternative strategy is to develop new low-carbon concrete
formulations that focus on reducing the cement content in concrete and partially replacing
clinker with supplementary cementitious materials (SCMs) [6]. SCMs are often categorized
depending on their reactivity. Inert materials, which do not partake in cement hydration, are
usually referred to as filler. Reactive materials which contribute to the hydration of cement are
called pozzolanic or latent-hydraulic if an activation is required. Pozzolanic SCMs are for
example calcined clay or fly ash [6]. However, in many cases, low-carbon concrete formulations
exhibit reduced workability, particularly when highly reactive SCMs with increased water
demand are used [7].

To overcome the inferior workability of sustainable concrete formulations, admixtures can help
to maintain the desired performance characteristics in their fresh as well as hardened material
properties. To ensure suitable flow properties, water reducing agents or superplasticizers can be
applied. Poly(carboxylate ether) (PCE) represents the most widely used superplasticizer. PCE is
a comb copolymer consisting of a negatively charged poly(carboxylate) backbone, typically
poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA), and poly(ethylene oxide) (PEO)
sidechains that remain uncharged in the highly alkaline environment of cement pastes [8]. Their
performance can be tailored through modification of structural parameters such as sidechain
length P, backbone length B and the grafting density N. These structural parameters directly
influence macroscopic properties including the flow properties, the yield stress and the hydra-
tion retardation [9, 10]. Understanding this structure-property relationship of PCE-type super-
plasticizers, especially under early hydration conditions where the cement paste is highly dy-
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namic, is therefore crucial for the design of future superplasticizers compatible with low-carbon
binders. In this context, the present work investigates a novel PCE analogue featuring 2-methyl-
2-oxazoline as an alternative sidechain monomer to act as a model system for comb-structured
superplasticizers. These poly(carboxylate methyloxazolines) (PCMOxa, IUPAC: poly(2-
methyl-2-oxazoline)-graft-poly(methacrylic acid)) can be synthesized via living aniconic and
cationic polymerization, leading to a high-control over molecular parameters which makes them
suitable for investigations on the structure-property relationship of comb superplasticizers.

The presence of polymer admixtures is known to influence the formation of early hydration
products such as ettringite, thereby affecting the rheological evolution of cement pastes. To
elucidate the microscopic origin of associated macroscopic behavior, different combinations of
rheometers with additional analytical methods have been developed. These analytical methods
involved dielectric spectroscopy (DES) [11-14], small angle x-ray scattering (SAXS) [15, 16]
and nuclear magnetic resonance (NMR) [17-19] amongst others. Among these methods, the
combined rheometry-infrared spectroscopy approach (Rheo-FTIR) which was developed in this
working group allows simultaneous monitoring of macroscopic flow behavior and molecular-
level chemical changes [20, 21]. Rheo-FTIR can be used to characterize a wide range of materi-
als, e.g. bring new insights to hydrogel kinetics [25] or the formation of early hydration prod-
ucts in cement hydration [22]. A major part of this work is the redesign and enhancement of the
existing home-built Rheo-FTIR set-up to achieve higher spectral sensitivity and to simplify
operational handling. These upgrades significantly broaden the analytical capabilities of the
technique and enable more precise insight into the correlation of chemical reactions. The poten-
tial of the Rheo-FTIR is demonstrated with an investigation of the rheological evolution during
early cement hydration in the presence of highly charged poly(methacrylic acid) of different
topologies.

Overall, this dissertation examines the role of superplasticizers in cement pastes during early
hydration, with a particular focus on rheological behavior, ettringite formation and the underly-
ing molecular mechanisms in these processes. The work is divided into three main parts: In
chapter 3, a measurement protocol is developed which enables reproducible rheological charac-
terization of cementitious materials. Chapter 4 summarizes the synthesis and rheological evalua-
tion of the novel PCMOxa and explores its potential as a model system for the comb superplas-
ticizer PCE. The Rheo-FTIR enhancement and the application of the improved Rheo-FTIR set-
up to study the early formation of ettringite in the presence of highly charged polymers is de-
scribed in chapter 5.



2 Theoretical Background and State
of the Art

2.1 Polymerization Techniques

A polymerization is a reaction in which small molecules, the so-called monomers, react to form
a polymer. There are two main types of polymerizations: step-growth and chain-growth
polymerization [23-25]. In step-growth polymerizations, the monomers react in pairs at every
stage to form macromolecules. The main representatives are polyaddition and polycondensation
[23]. In chain-growth polymerization, monomers are added onto the reactive chain end, causing
the polymer chain to grow in a continuous propagation [23-25]. The exact mechanism depends
on the chemical nature of the reactive chain end. In the following, the mechanisms for chain
growth polymerizations involving different reactive chain ends, namely radical polymerization,
anionic and cationic polymerization are discussed. Moreover, different general grafting strate-
gies towards comb polymers are presented.

2.1.1 Radical Polymerization of Methacrylic Acid

Free radical polymerization (FRP) is one of the most widely applied polymerization techniques.
It is used for producing a broad range of commodity and specialty polymers, such as low-
density polyethylene (LDPE), polyvinylchloride (PVC) or polystyrene (PS) [23-25]. FRP is
central in the commercial production of large quantities of polymer due to its robustness, its
tolerance towards functional groups and the applicability to a large variety of vinyl monomers.
Typical monomers include styrene, (meth)acrylates, vinyl esters, acrylonitrile and various
functional vinyl derivatives [23].

As for all chain growth polymerizations, the FRP is divided in three main reaction steps: initia-
tion, propagation and termination. In the initiation, a radical is formed. Typically, the radical
formation is achieved by thermal or photochemically induced decomposition of radical initiators
like azo compounds (e.g. AIBN) or organic peroxides (DPO) in organic solvents [23] . In aque-
ous solution, typical initiators the water-soluble peroxide potassium persulfate (K2S;0s) or the
water-soluble azo-compounds like 4,4’-Azobis(4-cyanopentanoic acid) (ACPA, German abb.:
ACVA) can be used [23, 26]. A third class of initiator systems are redox initiators, in which the
radical is formed via a redox reaction. In this work, such a redox system consisting of tert-butyl
hydroperoxide (TBHP) and sodium formaldehyde sulfoxylate (SFS) was applied (chapter 4.2.2,
p. 76). SFS, also known as rongalite, acts as the reducing agent, reacting with the peroxide to
form tert-butyloxyl radicals to initiate the chain reaction as shown in Figure 1 [27, 28]. As the
radical is formed via a redox reaction, it is possible to conduct the synthesis at room temperature
(~25°C).
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Figure 1: Reaction scheme of proposed decomposition tert-butyl hydroperoxide (TBHP) by the reducing agent
sodium formaldehyde sulfoxylate (SFS), also known as rongalite. The formed tert-butyloxyl radical initiates the
polymerization.

In the propagation reaction, monomers are added to the reactive chain end, which is a short-
lived radical that determines both the polymerization kinetics and the achievable macromolecu-
lar structures [29]. The polymerization is stopped via two possible termination reactions: dis-
proportionation and recombination. In recombination, the two radicals form a new covalent
bond, effectively increasing the molecular weight of the resulting chain [23]. The disproportion-
ation reaction is a proton transfer reaction resulting in a polymer chain and a macromolecule.
Methacrylates seem to preferably react via disproportionation [30]. In FRP, all reaction steps
(initiation, propagation and termination) occur in parallel. In the description of the kinetics, it is
usually assumed that the radical polymerization reaches a steady-state after a few seconds in
which the initiation reaction vy is the same as the termination reaction Vier (Vst = Vier). Thus, the
reaction speed mainly depends on the propagation.

In this work, methacrylic acid (MAA) was used as a monomer in FRP. In contrast to typical
monomers like styrene or methyl methacrylate, the FRP of MAA is complicated by its acidic
character (pKa = 4.5) [31, 32]. In an agueous solution, the carboxyl group can exist either in its
protonated (-COOH) or deprotonated (-COQO") form, depending on the pH. The deprotonation
alters the electron distribution and the solvation of the carboxylic group, significantly affecting
the reaction kinetics [31, 33]. As the pH increases and the degree of deprotonation rises, the
polymerization rate decreases due to the reduced monomer reactivity and the increased electro-
static repulsion between the negatively charged carboxyl groups in both monomer and polymer
[31, 33].

In general, a typical side reaction in FRP is the transfer of the radical to other molecules in the
reaction mixtures [23]. The radical can be transferred to the monomer (M) which initiates a new
active chain or to the already existing polymer chain (P) itself, causing long-chain branching.
Other options are the transfer to a solvent or a specifically added “chain transfer agent” (CTA).
All transfer reactions reduce the obtained degree of polymerization, as expressed by the general
Mayo-equation [23]:
1 1 + C. 5] (2.1)
B Py U [M] ‘
Pn denotes the number-average degree of polymerization, Py is defined as the number-average
polymerization degree in the absence of chain transfer, and [S] is the concentration of the mole-
cule to which the radical is transferred. The symbol [M] denotes the monomer concentration,
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whilst C; signifies the chain transfer constant. If chain transfer occurs to several molecules, e.g.
the polymer P and a CTA, then the individual contributions are expressed as a sum [23]:

11 [P] [CTA]

+ o (2.2)

CTAs are small molecules which have at least one labile bond to facilitate the transfer of radi-
cals to the molecule [23]. The newly formed radical then initiates a new polymer chain. Typical
CTAs include thiols, commonly referred to as mercaptans, and halocarbons. CTAs are frequent-
ly used to deliberately reduce the degree of polymerization and, consequently, the molecular
weight of the resulting polymer [23]. Their presence can also suppress undesired chain-transfer
reactions to the polymer backbone, thereby reducing the degree of branching. In this work, 3-
mercapto propionic acid (3-MPA) is applied in the FRP of MAA to lower the molecular weight
and improve the architectural control [34]. The structure of 3-MPA is displayed in Figure 2 A).

A special type of CTA also plays a central role in the reversible-addition-fragmentation chain
transfer (RAFT) polymerization, as shown in Figure 2. RAFT is one of several controlled radi-
cal polymerization (CRP) techniques which also include atom transfer radical polymerization
(ATRP) and nitroxide-mediated polymerization (NMP). All of these CRP methods significantly
reduce the termination reaction, enabling predictable molecular weights, narrow molecular-mass
distributions, as well as the synthesis of complex architectures, e.g. block copolymers. Howev-
er, irreversible chain termination is not completely suppressed, therefore the CRP reactions are
usually referred to as controlled rather than living (compare chapter 2.1.2, p. 6).

In the RAFT polymerization, a dithio- or trithiocarbonate CTA is applied which regulates the
chain growth through a reversible exchange between propagating radicals. This reversible
activation-deactivation process ensures equal growth probability for all chains, as displayed in
the main equilibrium in Figure 2 C). A suitable RAFT agent has to be chosen based on the
monomer and the initiator. For methacrylates, typical RAFT agents are 2-cyano-2-
propylbenzodithioat (CPDB) or 2-cyano-2-propyldodecyltrithiocarbonat (CDPT) [35].
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Figure 2: A) The chain transfer agent (CTA) 3-mercapto propionic acid (3-MPA) applied in this work in the FRP of
MAA. B) generalized structure of a dithiocarbonate CTA which is used in RAFT polymerization. The substituent Z is
needed to stabilize the formed intermediate, typically phenyl substituents. C) Main equilibrium of RAFT polymeriza-
tion. The reversible addition-fragmentation ensures the same growth propagation probability for the two chains Pm

and Pn.
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2.1.2  Anionic Polymerization of Methacrylates

Anionic polymerization is a chain growth reaction that, under appropriate conditions, proceeds
without chain termination or chain transfer [36]. Hence, it is called living polymerization, a
concept first introduced in 1956 by Szwarc in the publication of the first anionic polymerization
of styrene [37]. The term living describes systems in which the propagating species stays active
after complete consumption of the monomer, allowing polymerization to resume upon subse-
quent addition of fresh monomer [38]. The retained reactivity of the chain end provides an easy
access to end-functionalized polymers, block copolymers or more complex topologies [29]. To
maintain the living character, anionic synthesis has to be conducted in the absence of protic
substances, which would lead to premature termination. A comprehensive and detailed over-
view on the principles of anionic synthesis is given by Hadjichristidis and Hirao [36].

Anionic synthesis is limited to two types of monomers: cyclic monomers, which undergo anion-
ic ring-opening or vinyl monomers with charge-stabilizing substituents [36]. Acrylates and
Methacrylates fulfil the later requirement, as the -M-effect of the carbonyl group facilitates the
stabilization of the anionic charge. Acrylates can be polymerized via anionic synthesis in princi-
ple. However, the reaction does not proceed in a living manner as acrylates can easily abstract
the proton in the a-position which reduces the stability of the anionic propagating species during
the polymerization and leads to side reactions, mainly uncontrolled termination [36]. This
causes the loss of control over molecular weight and broadens the dispersity. For methacrylates
like methyl methacrylate (MMA) or tert-butyl methacrylate (tBMA), the absence of an a-proton
due to the methyl substituent makes living anionic polymerization possible if certain require-
ments are met [36]. In general, methacrylates display a “non-ideal” behavior compared to other
monomers, e.g. styrene, as the carbonyl group introduces a second electron-deficient center to
the monomer. The general mechanism of anionic polymerization and the measures to ensure a
living polymerization for methacrylates are discussed in the following on the example of tert-
butyl methacrylate, which was used in this work (see chapter 4, p. 61 and chapter 5.5.2, p. 119).

Reaction mechanism:

Initiation: In general, commercially available alkyl lithium compounds, especially the isomers
of butyllithium, are used for the initiation of carbanionic polymerization [36]. They transfer a
negative charge to the monomer forming new anionic species which react in the propagation
reaction. However, the initiation of methacrylates with sec-BuL.i is not as straight forward as for
styrene. A significant portion of sec-BuL.i attacks the carbonyl group forming a vinyl ketone and
an unreactive alkoxide, as shown in Figure 3 A) [36]. The ketone can add to the reactive chain
ends formed in regular initiation, which decreases the reactivity and slows down the reaction
[36].
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Figure 3: Initiation reaction of the anionic polymerization of methacrylates on the example of tert-butyl methacrylate
(tBMA). A) In the initiation with alkyl lithium compounds, a significant portion of the initiator attacks the carbonyl
group forming a vinyl ketone and a lithium alkoxide which both cannot initiate further polymerization. B) Initiation
with 1,1 — diphenyl-3-methylpentyllithium (DPHLI) leads to the successful polymerization of methacrylates.

To avoid the nucleophilic attack of the initiator on the carbonyl group, the polymerization is
usually initiated with bulky =-stabilized organolithium compounds, e.g. 1,1 —diphenyl-3-
methylpentyllithium (DPHLI) [36]. This initiator is formed prior to the polymerization by the
reaction of sec-BuLi with the not self-polymerizable 1,1-diphenylethylene (DPE). The phenyl
groups introduce steric hinderance to the initiating species preventing the nucleophilic attack on
the carbonyl group [36], as displayed in Figure 3 B).

Propagation: The propagation of anionic polymerization is the continuous addition of mono-
mers to the reactive anionic chain end, as shown in Figure 4.
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Figure 4: Propagation of anionic polymerization of tert-butyl methacrylate. | denotes the initiator, e.g. the diphenyl-
3-methylpentyl-moiety of DPHLI.

Ideally, the growth of all chains propagates at the same rate independent of the chain length
after a fast and quantitative initiation. Then, the final degree of polymerization P, solely de-
pends on the ratio of the initial monomer concentration [M]o to the initial initiator concentration

[|]ol

P, = (2.3)
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Consequently, the degree of polymerization and the molecular weight of the resulting polymer
can be adjusted precisely by the monomer-initiator-ratio in the synthesis.

A typical side reaction in the anionic polymerization of methacrylates is the intramolecular
Claisen-type condensation between the propagating enolate anion and a carbonyl group in the
same polymer chain, the so-called back-biting reaction [38, 39]. This backbiting-reaction is
displayed in Figure 5. To reduce the reactivity of the anions, the polymerization is typically
conducted in at -78 °C in polar, aprotic solvents, usually THF [40]. Non-polar hydrocarbon
solvents, such as cyclohexane, cannot dissolve methacrylates. Moreover, the addition of a 3- or
morefold excess of LiCl can further decrease the reactivity of the carbanions. LiCl is a p-type
ligand which forms a complex with the reactive chain end, reducing the tendency towards
intramolecular nucleophilic attack [36].
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Figure 5: Intramolecular backbiting reaction of the carbanion on the carbonyl functionality. The wavy line symboliz-
es a polymer chain of arbitrary length. The nucleophilic attack can also occur intermolecularly. This side reactions is
typically suppressed at low reaction temperatures and the presence of LiCl, which stabilizes the reactive chain end.

Termination: The negative charges of the anionic propagating species repel each other. Thus,
no spontaneous termination occurs. To terminate the polymerization reaction in a controlled
manner, a terminating agent is added. If end-group functionalization is not intended, the reaction
is terminated by adding a protic agent, typically degassed methanol, which deactivates the living
chain through a proton transfer reaction. The degassing of the methanol is necessary as the
presence of gaseous impurities can lead to side reactions. Oxygen (O2) impurities lead to the
formation of peroxides which decompose to form radicals that recombine. Consequently, the
presence of O in the terminating agent doubles the intended molecular weight. CO; can lead to
the formation of a carboxyl end group [36].

A commercial application of the carbanionic polymerization is for example the synthesis of
thermoplastic elastomers based on block-copolymers. Prominent examples are the PS-PI-PS
(SIS) and PS-PB-PS (SBS) copolymers which are sold by the company Kraton [38]. These
block copolymers were originally designed to be used in tire industry, but are now also applied
in footwear, automotive, wire and cable, as well as lubricants, adhesives and gels [38]. Another
prominent commercial application of living anionic polymerization is the synthesis of
poly(ethylene oxide) (PEO) from gaseous ethylene oxide. A second name for PEO is
poly(ethylene glycol) (PEG), which is typically used for lower molar mass PEO oligomers and
is the generally preferred term in the biomedical research field. PEO is utilized in various appli-
cations such as cosmetics, medical applications or the manufacturing of PCE superplasticizers
[8, 41].
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2.1.1 Cationic Polymerization of Methyloxazoline

The living cationic ring opening polymerization (CROP) of 2-alkyl-2-oxazoline to form poly(2-
akly-2-oxazoline) (POxa) was discovered simultaneously by four different research teams in
1966 [42]. Since then, this class of polymers has been extensively studied, giving rise to a
manifold of polymeric materials for potential applications [43-45]. In the last few decades,
POxa has gained significant interest, especially driven by their high potential for biomedical
applications and the potential substitution of PEO. Their biocompatibility most likely arises
from their structure which is often referred to as amino-acid analogues or as pseudo-
polypeptides, since each repeating unit contains a peptide-bond in the side group [46]. This
work focuses on the potential of PMOxa as a PEO alternative in the comb superplasticizers used
in cementitious materials (see chapter 4, p. 61).
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Figure 6: a) Generalized oxazoline monomer and its respective polymer. In addition, the two specific oxazoline
monomers and their respective polymers are displayed: b) 2-methyl-2-oxazoline and c) 2-ethyl-2-oxazoline.

As displayed in Figure 6, 2-Oxazolines represent a special class of 5 membered cyclic imino-
ethers. The alkyl substituent allows to tune the material properties of the resulting polymer, like
the glass transition temperature or the solubility [47]. Poly(2-methyl-2-oxazoline) (PMOxa) is
very hydrophilic and is fully water-soluble from 0 °C to 100 °C independent of the molecular
weight. POxa with longer alkyl sidechains exhibit a lower critical solution temperature (LCST)
[46, 47]. The cloud point temperature (Tcp) decreases with increasing hydrophobicity. Poly(2-
ethyl-2-oxazoline) (PEt-Oxa) of high molecular weight displays Tcp~ 66 °C, while Poly(2-
isopropyl-2-oxazoline) (Pi-PrOxa) shows Tcp = 35 °C. A detailed and comprehensive overview
on the solution behavior of POxa is given elsewhere [47, 48].

Although POxa was intensively studied in the last few decades, only a limited number of com-
mercial applications emerged. To date, PEtOxa is the only POxa which is commercially availa-
ble and finds application as a viscosity modifier and surfactant for paint or cosmetics. It is
marketed under the tradename Aquazol [43, 49]. Moreover, PEtOxa is used as a precursor in the
synthesis of linear poly(ethylene imine) (PEI). Linear PEI is prepared via hydrolysis of linear
PEtOxa after polymerization [46]. The direct synthesis of PEI via ring opening polymerization
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of aziridine results in a high degree of branching [46]. PEI is used in many biomedical applica-
tions, e.g. as DNA compacting material [50]. In the following the mechanism of the CROP of
POxa is discussed with a focus on 2-methyl-2-oxazoline.
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Figure 7: lonic and covalent reaction mechanism of oxazoline polymerization. The ROP of 2-oxazolines can be
initiated by various reagents including Lewis acids (BFs, AICls,), strong protic acids (HCIO4, HBr, H2SOs4,), or more
generally an electrophile EX, where the X typically stands for p-toluenesulfonate (OTs), trifluoromethane-sulfonate
(OTf), bromide (Br), chloride (CI) or iodide (). The nucleophilic character of the counter ion and the chosen 2-alkyl
oxazoline determine the reaction mechanism. The polymerization of 2-MeOxa with MeOTf proceeds via a true
cationic reaction mechanism. Adapted from [51]
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Reaction Mechanism:

The polymerization of oxazolines can proceed via two mechanisms as shown in Figure 7: a
living cationic polymerization and a covalent type polymerization. In the cationic polymeriza-
tion, an electrophilic species initiates the reaction, creating a cationic oxazolinium propagating
species. In the covalent reaction mechanism, the counter ion is covalently bound to the propa-
gating end. The polymerization propagates via a dipole-dipole Sn2-reaction [46]. The propagat-
ing species in the reaction mechanism is determined by the monomer-initiator combination. It
results mainly from the alkyl substituent at the monomer, the nucleophilicity of the initiator and
the stability of the resulting counter ion [47]. For the polymerization of 2-methyl-2-oxazoline
initiated by methyl triflate (MeOTf), the reaction proceeds via a true cationic polymerization
[52]. After complete monomer conversion, the reaction is terminated by the addition of a nucle-
ophilic compound, e.g. water or alcohol [46]. The termination reaction can also be used to end-
group functionalize the polymer and to synthesize macromonomers [47, 53]. Since the reaction
proceeds in a living manner, the polymerization results in defined molecular weight (equation
(2.3), p. 7, applies here as well) and narrow dispersity. However, the synthesis of PMOxa of
defined molecular weight is limited to molar masses < 10 kg mol due to extensive chain trans-
fer and chain coupling side reactions [52]. PMOxa of higher molecular masses can be synthe-
sized by acetylation of well-defined linear PEI prepared by sidechain hydrolysis of defined high
molar mass PEtOxa [52].

11
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2.1.2 Grafting Methods

Branched architectures like comb polymers can be synthesized in general via three basic graft-
ing strategies: grafting-onto, grafting-from and grafting-through [29]. All of these strategies are
illustrated in Figure 8. In the grafting-onto synthesis, terminal functional groups of the
sidechains attach to functional groups at the backbone. This synthetic approach is often used in
anionic polymerization due to high nucleophilicity of the propagating anion, but is also applied
with other reactive chain ends e.g. in cationic polymerization [54]. For the grafting-from syn-
thesis, functional sites on the backbone are used to start the polymerization process which leads
to the simultaneous growth of sidechains directly from the backbone. The grafting-from ap-
proach was applied for example in the synthesis of a super H polymer with poly(lactic acid)
sidechains [55]. In the grafting-through synthesis, prepolymerized sidechains with a terminal
vinyl unit are copolymerized with a monomer to form combs or stars. As the sidechain is a
macromonomer, this synthesis strategy can also be referred to as macromonomer route. The
grafting-through synthesis is for example applied in the industrial synthesis of poly(carboxylate
ether) superplasticizers (compare chapter 2.4, p. 29) [8, 56].
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Polymer
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Figure 8: Grafting strategies used for the synthesis of combs or other branched structures. Adapted from [29].
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Cement is the most important binder in construction materials [57]. Upon contact with water, a
series of hydration reactions occur which lead to the transformation of the liquid suspension to a
rigid, load-bearing solid. In a simplified view on the complex hydration reaction, the cement
particles begin to dissolve immediately when in contact with water, releasing ionic species into
the solution. Hydrates start to form from these ions and precipitate onto the surface of the re-
maining cement grains. These hydrates continue to grow into a continuous solid matrix, macro-
scopically forming a new solid [8]. This simplified reaction mechanism is illustrated in Figure
9.

Anhydrous
cement grain
(10-100 um)

Precipitated
hydrate
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Figure 9: Simplified view on cement hydration. A) Mixing cement particles in water results in the formation of a
suspension. B) The cement particles start to dissolve immediately and various ions are released into the solution, as
indicated by the arrows. C) Within a few seconds to a few minutes, hydrates start to form and precipitate, mainly on
the surface of the unhydrated particles. D) Within approximately eight hours, the hydrates grow to form a new solid
which macroscopically leads to hardening of the material. The hydration is completed approximately 28 days after
the first water to cement contact. Adapted from [8].

On closer inspection however, cement is not a simple, pure substance but a complex, multimin-
eral material. Its composition strongly depends on the geological origin and the mineralogical
composition of the raw materials. The different cement types are distinguished by their mineral
contents. The most widely used cement type in construction industry is ordinary Portland ce-
ment (OPC) which is primarily composed of clinker, mixed with a small amount of gypsum to
control the setting time [57]. In the European standard DIN EN 197-1, OPC corresponds to
CEM 1, the first of five different cement types defined in the standard [58]. The designation of
cement types in this standard follows the structure “CEM Il 52.5 L”. The number following the
cement type denotes the minimum 28 — day compressive strength in MPa. The standard defines
three strength classes: 32.5, 42.5 and 52.5 (MPa). The subsequent letter indicates the early
strength class, with L, N and R referring to low, normal and rapid strength development [58].
The early strength can be an indicator for the cement powder’s mean particle size, with small
particles providing a larger surface area and thus exhibit an accelerated hydration. The cement
used in this work, CEM | 42.5 R is an OPC characterized by rapid strength development and a
final compressive strength of at least 42.5 MPa.

13
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Clinker is the main component in OPC. It consists of four major clinker phases: alite (CasSiOs),
belite (CazSiOa), tricalcium aluminate (CasAl:Os) and ferrite (CasAlFe2010) [59]. Typical
compositions reported for clinker additionally include small amounts of several secondary
phases like alkali sulfates [59]. In cement chemistry, the different mineral phases are usually
abbreviated using the oxide notation common in ceramic science with CaO =C, SiO; =S,
AlOs = A, Fe:03=F, SO =$ and H,O =H [8, 60]. Accordingly, the clinker phases alite,
belite, tricalcium aluminate and ferrite are denoted as CsS, C.S, CsA and C4AF. In this work, the
phases are primarily referred to by their oxide notation. It should be noted that sometimes a
differentiation is made between the oxide notation, e.g. CsS and the mineral name, e.g. alite,
with CsS referring to the pure, laboratory-synthesized substance while alite refers to the natural-
ly occurring mineral potentially containing impurities. In this work, the mineral names and the
oxide notation are used interchangeably.

Table 1: Four phases of clinker, their chemical composition, abbreviation and amount in percent [8].

Phase Abbreviation wt.% Compound name Chemical Formula
Alite CsS 55 - 65 tricalcium silicate CasSiOs

Belite C.S 15- 25 dicalcium silicate CazSiO,
Aluminate CsA 8-12 tricalcium aluminate CasAl206

Ferrite C.AF 8-12 tetracalcium aluminoferrite CasAl2Fe2010

2.2.1 The Importance of the Water to Cement Ratio

In the hydration reaction, the stoichiometry of the water in relation to the amount of cement
plays a central role. This ratio is usually given as the water-to-cement mass ratio (w/c-ratio),
whereby the cement mass refers to the mass of dry cement powder. The w/c-ratio governs both
the fresh state properties as well as the microstructure that develops during hydration. There-
fore, it determines the final mechanical strength as well as the durability of hardened cementi-
tious materials [8]. The w/c-ratio has an inverse relationship with the final compressive strength
and is therefore one of the most important parameters in the design of concrete mixtures [8]. In
cement pastes, a stochiometric minimum w/c-ratio of approximately 0.42 is needed to reach full
hydration, meaning that the water and (non-hydrated) cement are fully consumed [8]. However,
the w/c = 0.42 only represents the chemical water demand. In practice, concrete mix designs
often require significantly higher w/c-ratios of up to 0.6 to achieve a sufficient workability. In
these mixtures, only part of the mixing water reacts in the hydration, while the remaining frac-
tion acts as free water that ensures flowability [8, 61]. For cement pastes with w/c < 0.42, the
available water is insufficient to reach full hydration. Some unreacted cement particles remain,
which can be considered as hard inclusions that increase the final compressive strength relative
to the fully hydrated material [8]. In practice, complete hydration is rarely achieved even for
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w/c >0.42 in real systems due to self-desiccation, evaporation of water and restricted ion
transport within the microstructure.

The w/c-ratio strongly influences the pore structure of the hardened material. At w/c ratios
above 0.42, the presence of excess water promotes the formation of additional capillary pores
compared with pastes at w/c <0.42 [8]. These additional pores govern the permeability and
mechanical performance of the hardened material [8]. A higher porosity allows aggressive
agents, such as chlorides, to penetrate the hardened cementitious material more easily, where
they can attack both the cementitious material as well as the reinforcing steel in reinforced
concrete. Consequently, the durability of the concrete is compromised. In summary, the in-
creased porosity for mixtures of w/c>0.42 reduces the compressive strength, decreases the
durability and affects the resistance to chloride ingress, carbonation and sulfate attack [8].

Furthermore, the wi/c-ratio significantly influences the rheological behavior of cement pastes
during the early stages of hydration, as it correlates directly to the solid volume fraction ¢ [62].
The relationship between ¢ and rheological properties, such as the yield stress and the viscosity,
is further explained in chapter 2.3 (p. 19).

2.2.2 Hydration of Cement Pastes

This chapter gives a brief and focused introduction to the key reactions in the hydration process
of cement pastes. For more comprehensive and detailed discussions, the reader is referred to the
relevant literature [8, 59, 63-65].

C,AF other  unhydrated
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Figure 10: Qualitative description of the reactions of cement upon contact with water. Within 28 days of hydration,
the multiphase clinker being composed of tricalcium silicate (CsS), dicalcium silicate (C2S), tricalcium aluminate
(CsA) and calcium aluminoferrite (C4AF) reacts to form Calcium silicate hydrate (C-S-H), portlandite

(CH = CaOH), trisulfoaluminoferrite hydrates (AFt) and monosulfoaluminoferrite hydrates (AFm). It should be
noted that the compositions are given in wt.% and vol.%, as this corresponds to experimentally obtainable units and
is in agreement with standard textbooks. Adapted from [8].
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The hydration process of OPC is highly complex, involving a multitude of different reactions
which include the dissolution of different cement phases and the precipitation of new, less
soluble hydrate phases [60]. These reactions proceed both in parallel and subsequently to each
other. The fundamental mechanisms of these reactions and their influence on the macroscopic
properties are not fully understood yet and are still a prominent subject in current research [64,
65]. Figure 10 gives a qualitative overview on the hydration reaction of OPC. The multiphase
clinker being composed of tricalcium silicate (CsS), dicalcium silicate (C>S), tricalcium alumi-
nate (CsA) and calcium aluminoferrite (C4AF) reacts to form calcium silicate hydrate (C-S-H),
portlandite (CH), trisulfoaluminoferrite hydrates (AFt) and monosulfoaluminoferrite hydrates
(AFm). The most important phase in the AFt family is ettringite [60]. In Figure 8, it is indicated
that the formation of hydrates happens in solution and in parallel. Thus, for example, a calcium
ion bound in C-S-H does not necessarily originate from C3S as the formal reaction equation
might suggest (see Figure 11) but could have been released into solution from any calcium
containing clinker phase like e.g. CsA.

The hydration of OPC is formally divided in two main reactions: the silicate and the aluminate
reaction [59, 63]. The silicate reaction involves the dissolution of the silicate containing phases
CsS and C;S, and the subsequent precipitation of amorphous C-S-H and crystalline portlandite
(CH). CsS and C,S differ strongly in their reactivity. CsS is consumed first within 8 hours while
the hydration of C,S only becomes significant after 10 days [66]. The notation C-S-H with
hyphens indicates the variable composition of the calcium silicate hydrate phase. The gel-
network fluctuates in its Ca/Si ratio between 1.2 and 2.3 depending on the reaction conditions,
e.g. dissolved ion concentrations and the reaction temperature [67]. Since C-S-H is the main
phase in hydrated cement paste, it mainly governs the final compressive strength [60, 61]. The
silicate reactions can be written in the following simplified reaction equations:

2 C3S + 6 H — C3SzH3 + 3 CH

2C,S + 4H —> C;3S,H; + CH
%{_J
C-S-H
with Ca/Si-ratio of 1.5

Figure 11: Formal reaction scheme of the silicate reaction in cement hydration [60]. The Ca/Si-ratio of C-S-H is
variable and depends on the reaction conditions, e.g. the ion concentration and the reaction temperature [67].

The dissolution of aluminum containing phases and sulfate carriers leads to the precipitation of
ettringite Aft, which is referred to as the aluminate reaction. The reaction scheme for the alumi-
nate reaction is given in Figure 12. Despite CsA only making up about 8 wt.% in clinker, it has a
significant effect on the hydration of OPC, especially at early hydration stages. CsA is by far the
most reactive clinker phase. In the absence of sulfates, CsA hydrates rapidly within a few
minutes, known as flash set which is a macroscopic rapid hardening. This flash set impairs the
workability and is therefore usually undesired. The addition of sulfate carriers, like gypsum,
alters the CsA reaction to the formation of ettringite, which is a much slower reaction. The
sulfate concentration decreases with progressing hydration. At low residual sulfate concentra-
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2.2 An Introduction to the Chemistry of Cement Pastes

tions (< 2.85 mg L), the remaining C3A reacts with ettringite to form monosulfoaluminate. To
ensure the complete conversion of the aluminate phase to ettringite, the amount and solubility of
the sulfate carriers have to be adjusted precisely to the composition of the available clinker [61].

C3A + 3C$ + 32H —3  CeA$3H3
ettringite (trisulfate),
AFt
C6A$3H32 + 2 C3A + 4 H —_— 3 C4A$3H12
—

monosulfate,
AFm

Figure 12: Formal reaction scheme of the aluminate reaction. In the presence of sufficiently high SO4% concentra-
tion, ettringite (CeA$sHs2, 3 CaO - Al20s - 3 CaSOs - 32 H20) which is the most prominent trisulfate (AFt), is formed.
As the sulfate concentration decreases over time during the hydration and drops below ~ 2.85 mg L, the ettringite
begins to react with remaining CsA to form monosulfate (AFm) [61].

Evolution of hydration reaction according to heat flow curve

The complex, time-dependent mechanisms of cement hydration are often difficult to access.
Typical measurements which can give an insight to the reaction kinetics are heat flow calorime-
try, in-situ x-ray diffraction (XRD) and electron microscopy (SEM) [68, 69]. Since the hydra-
tion of OPC is mainly an exothermic process, heat flow calorimetry constitutes the state-of-the-
art method to resolve the hydration process. On the basis of a typical heat flow curve, the hydra-
tion reaction can be divided into five different stages [8, 60, 61, 68], as displayed in Figure 13.

EI OPC + H,0
w/c=0.4
T=23°C
: []
0
- v
[3:]
[<F]
I
0 T T T T T T T T T
0 4 8. 40

time [h]

Figure 13: Hydration reaction of OPC with w/c = 0.4 at T = 23 °C monitored by isothermal heat flow calorimetry.
The time-dependent heat flow can be divided into five stages: I: Initial dissolution, I1: Induction period, 111: Accelera-
tion period and alite peak, 1V: Deceleration period and aluminate peak and V: Slowed down reaction and formation

of AFm. Redrawn from [70].
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2 Theoretical Background and State of the Art

1) Initial dissolution
The initial, substantial heat release within the first minutes is primarily caused by the initial
dissolution of C3A, CsS and the complete dissolution of readily soluble sulfates. The dissolution
is followed by an immediate onset of ettringite precipitation [61].

I) Induction period

After the initial dissolution, the heat flow drops to a low, but still detectable level until the
acceleration period sets in approximately three hours after first water-to-cement-contact. This
time frame of reduced heat flow is referred to as the induction period [8, 60, 61]. It is commonly
interpreted as a period during which little to no hydration occurs. The induction period is crucial
for the workability of the material. Since the material largely remains in its suspension state, it
can easily be processed and, for example, be pumped to its designated location. However, the
reaction does not completely stop, but it is merely slowed down drastically. Ettringite precipi-
tates at a low, but constant rate while calcium sulfates continue to dissolve [71, 72]. The exist-
ence of the induction period is mainly attributed to a temporary slowdown in C3S dissolution.
The cause of this slowdown is and has been the subject of many hypotheses and discussions
[65]. It appears that the hypothesis suggesting the dissolution to be controlled by undersatura-
tion has prevailed against the protective membrane theory [64]. However, the undersaturation
theory cannot provide a satisfactory explanation for the onset of the acceleration period of the
silicate reaction yet. For a more detailed discussion on the different hypotheses, the reader is
referred to literature [64, 65].

I11) Acceleration period and alite peak maximum
In the third time period, the heat flow increases significantly. This increase and the following
peak maximum correlate to the accelerated dissolution of C3S and the synchronous precipitation
of C-S-H and CH [8]. The cause for the onset of this acceleration period is still under debate
[64].

IVV) Deceleration period and aluminate peak maximum

The alite peak maximum is followed by a slowdown in the reaction due to the decreasing disso-
lution rate of CsS (deceleration period). The following heat flow maximum is the aluminate
peak. Its onset is defined by the so-called “sulfate depletion” which is caused by the final con-
sumption of the available calcium sulfates. This leads to the reinitiation of CsA dissolution and
an acceleration of the exothermic ettringite precipitation [60, 72, 73]. The position of the alumi-
nate peak in relation to the silicate peak therefore strongly depends on the amount of sulfate
carriers in the mixture.

V) Slowed down reaction and formation of AFm
The two main reactions in period Il and 1V are followed by the last period, which is character-
ized by slow diffusion processes in the hardening material. It contains a small peak at approxi-
mately 24 - 48 h after the first water-to-cement-contact. The small peak maximum marks the
reaction of C,AF and the conversion of ettringite to the monosulfate phases (AFm) [8, 60].
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2.3 Rheological Characterization of Cement Pastes

Rheology is the science of deformation and flow of materials under an applied stress or strain
[74-78]. Different types of deformation can be applied, including compression, elongation and
simple shear. In simple shear, the applied force is in-plane with the direction of deformation. All
types of shear behavior can be described within two boundary cases: the flow of a linear viscous
liquid, described by Newton’s law, and the deformation of an ideal elastic solid, described by
Hooke’s law. The behavior of most materials, like polymers and suspensions, falls in between
these limiting cases, making them viscoelastic. Concentrated suspensions, for example, show
viscoelastic behavior due to collective particle movements. Rheology has a broad range of
applications, e.g. in material science, engineering, geophysics, cosmetics, human biology and
polymer processing as rheological measurements can provide insights into structure — property
relationships and processing behavior. Moreover, it can be used to characterize the performance
of materials in applications such as coatings, adhesives, biomedical formulations, and soft
matter engineering. For a fundamental introduction to the field of rheology, the reader is re-
ferred to standard textbooks [74-78].

This work focuses on the rheological characterization of cement pastes at early hydration states.
Cement paste is an aqueous, concentrated suspension, which displays several non-Newtonian
behaviors such as shear-thinning, shear-thickening, yield stress and thixotropy. Therefore,
chapter 2.3.1 gives a short introduction into basic rheological concepts describing the shear
behavior of suspensions including the concepts of these non-linear phenomena. Chapter 2.3.2
(p. 23) gives a short introduction to the rheological experiments applied to cementitious materi-
als.

2.3.1 Rheological Concepts for Suspensions

Suspensions are disperse systems consisting of solid particles distributed within a liquid medi-
um [79]. The behavior of suspensions is often classified by the size of the dispersed particles.
According to the IUPAC definition, colloidal suspensions contain particles with diameters
between roughly 1 nm to 1 um [80]. However, the actual limits applied in literature can differ.
Liquids containing particles with diameters of < 1nm are considered solutions, whereas liquids
containing particles with diameters of > 1um are referred to as suspensions, but not as colloidal
suspensions. The lower limit of 1 nm ensures that the dispersed particles are considerably larger
than the solvent molecules, allowing the surrounding fluid to be treated as a continuum. The key
criterium for colloidal suspensions is that the particles undergo Brownian motion due to thermal
forces, counteracting gravitational settling, which is given for particles with diameters < 1pm.
Particles of diameters > 1 pm are not subjected to substantial Brownian motion and therefore
sediment or cream more readily [79].
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2 Theoretical Background and State of the Art

Effect of Solid Volume Fraction ¢ on the Rheological Properties of Suspensions

The rheological properties of suspensions (viscosity, critical strain, yield stress, etc.) are func-
tions of the solid volume fraction ¢ occupied by the particles [81], which is calculated as the
ratio of the volume Ve occupied by the particles to the total volume Vigtar:

b= 2

= (2.4)
Vtotal

Suspensions are categorized by their solid volume fraction ¢ as dilute (¢ << 1 %), semi-dilute
(0.01[82] or 0.05 [83] < ¢ < ¢. ), concentrated (¢p. < ¢ < ¢,,) and compact (¢ — ¢,,), as
illustrated in Figure 14 [79, 81, 82].

)] B) O <) D)
Oy
O O O

Dilute Semi - dilute Concentrated Compact
P <<1 0.05<¢ < ¢, b < b <Py ¢ — dm

Figure 14: Graphic illustration of concentration regimes for suspensions. Suspensions are categorized by their solid
volume fraction ¢ as dilute (¢ << 1 %), semi-dilute (0.01 [82] or 0.05 [83] < ¢ < ¢, ), concentrated
(pc <@ < ¢) and compact (¢ — ¢ [79, 81, 82]. Adapted from [82].

However, exact definitions of the limits between these regimes do not exist and thus the classi-
fications differ between textbooks [79, 82, 83]. For dilute suspensions, the particle concentra-
tion is sufficiently small so that particle interactions are minimized and can be neglected in the
description of the macroscopic behavior [82]. In the case of non-colloidal particles in a Newto-
nian suspension fluid, the dependence of the relative zero shear viscosity 1 ; On ¢ is given by
the Einstein equation [84, 85] :

Noret = 1+25-¢ (2.5)

This equation represents a close approximation of reality for ¢ < 2% [81]. For higher solid
volume fractions, the proportion of space is excluded in terms of occupancy by any single
particle. Consequently, the probability of particle—particle interaction increases, wherefore a
quadratic term is added to the equation (e.g. Batchelor equation) [79, 83]. Further increasing the
volume fraction to ¢ > ¢, ~ 0.15 leads to a state, where the macroscopic behavior is mainly
governed by collective particle interactions [79]. The relative zero shear viscosity of those
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2.3 Rheological Characterization of Cement Pastes

concentrated suspensions can be expressed by different phenomenological models, such as the
Quemada, Marcon-Pierce or the Krieger Dougherty equation [79, 81, 82]. The Krieger-
Dougherty equation describes the relative zero shear viscosity as:

(l) —[l'ém

Norel = (1 - E) (2.6)
With the maximum solid volume fraction ¢,,, and the intrinsic viscosity [n], which is defined as
the limit of the reduced viscosity 1,.4(c) as the concentration ¢ approaches zero:

[7] = lim 7req 2.7)

The Krieger-Dougherty equation introduces the maximum solid volume fraction or maximum
packing fraction ¢,,. For uniform spheres, the maximum packing density obtained by an unor-
dered state resulting from pouring the suspension into a container is ¢,,, = 55 %. By vibration of
the container, random close packing increases ¢,, to 64 %. For a crystalline monodisperse
system, ¢,, = 74 % which corresponds to the maximum packing fraction of face-centred cubic
packing [77]. Suspensions with broad particle size distributions can reach much higher maxi-
mum packing fractions of up to 90 - 95%, as smaller particles can fill up the gaps between
bigger particles [82].

Yield Stress

Many materials such as dense suspensions, colloidal gels, microgel suspensions, concentrated
emulsions or foams behave as yield stress fluids, meaning they behave like solids under rest and
start to flow above a critical stress, the so-called yield stress o, (see Figure 15) [82]. Many
“real-life” materials display a yield stress which is not uncommonly key to their application.
Examples are the decoration of a cake with cream or toothpaste on a toothbrush. Both of these
materials are transported via flow under applied stress (pressure on the tube) to their designated
place and then maintain their shape once the flow stopped [82]. Although the existence of true
yield stress behavior has been under debate [86], it can be concluded that in any event the yield
stress is an engineering reality [87].

Microscopically, the yield stress o, manifests due to the formation of interparticle networks
formed by interparticle forces and percolation. If an external stress higher than the yield stress is
applied, the network collapses and the material starts to flow. Yield stress materials usually
display two yield stresses: the static and the dynamic yield stress. The static yield stress is the
stress required to initiate flow, while the dynamic yield stress is the stress needed to maintain
flow when the network structure is already broken. It takes more stress to destroy the network
structure than to maintain flow, consequently:

0o,s > 00,d (2.8)
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Shear-thickening

Newtonian

Yield | viscosity

Shear rate y

Figure 15: Illustration of different rheological behaviors. The yield stress g, is the minimum shear stress which has
to be applied for a yield stress material to transition from a solid-like to a liquid like state. Adapted from [8].

The shear-rate dependent viscosity of yield stress materials can be described by different phe-
nomenological models. The simplest model is the Bingham-model [79]:

g=0y+Mn,"Y (2.9

with the yield stress gy, the plastic viscosity 7,, and the shear rate y. According to this model,
Bingham-plastics show a linear flow behavior above the yield stress [79]. However, many
materials display shear-thinning or shear-thickening behavior above the yield stress [79]. This
can be described by the Herschel-Bulkley model [82]:

o= 0o+ k" (2.10)

The consistency index k and the exponent n, which is usually negative, are both material param-
eters [81]. With n < 1 shear thinning and n > 1 shear-thickening behavior can be described. With
n =1, the Bingham model is obtained [75]. To describe more complex yield stress material
behaviors a multitude of models such as the modified Bingham-model, the Casson model, the
De Kee-Turcotte or the Papanastasiou-Model exist [78]. The modified Bingham-model, intro-
duces a second order term of y and is quite prominent in the rheological characterization of
cementitious materials [88, 89]:

o=0p+Mn, y+cy? (2.11)

It can be considered to be an extension of the Bingham model with a second order term or as a
second order Taylor development of the Herschel-Bulkley equation [90]. The relation of the two
proportionality constants describes the behavior, with ¢/n,, < 0 occurring for shear-thinning and
c¢/np> 0 for shear-thickening. For ¢ = 0, the Bingham model is obtained [90].

22



2.3 Rheological Characterization of Cement Pastes

Thixotropy

Thixotropy refers to the time-dependent decrease in viscosity under external influences such as
shear stress, followed by a gradual recovery of viscosity once the applied stress is removed or
reduced [91], as illustrated in Figure 16. The fluidization of the material results from the break-
down of its internal network structure due to the applied deformation. When the material is at
rest or subjected to very low shear rates, the network is rebuilt over time, and the original vis-
cosity can be recovered after a sufficient resting time. By definition, thixotropy is a reversible
process [82, 91]. This behavior causes rheological parameters — such as the yield stress or the
plastic viscosity — to be dependent on the applied shear rate and the duration of shear [81].
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Figure 16: Schematic graphs illustrating thixotropic behavior. Thixotropy refers to the loss of a material’s internal
structure under external deformation, such as an applied shear rate as illustrated in a), which leads to a temporary
decrease in viscosity, as illustrated in b). Once the applied shear rate is removed or reduced, the initial viscosity
gradually recovers as the internal network structure rebuilds (see b)). Adapted from [92].

2.3.2 Rheological Characterization of Cementitious Materials

Rheometry is a key method for assessing the processability of cementitious materials, i.e. all
materials containing cement across all relevant length scales from cement paste to mortar to
concrete. The particle sizes vary significantly between these materials. Since the gap size typi-
cally should be ten times larger than the largest particle, very different rheological technigues
must be applied. For cement pastes, with typical particle sizes of approximately 10 um, “stand-
ard” rotational rheometers with typical geometries and a gap height of 1 mm can be applied. For
mortar and concrete, which contain aggregates of up to 20 mm in diameter, various custom
rotational rheometers with gap sizes of 50 — 100 mm and several alternative rheological experi-
ments like the L-box or image-based analysis of flow behavior have been developed [81, 93]. A
detailed review of concrete rheology is beyond the scope of this work, thus the reader is referred
to literature [81]. This chapter focuses on the variety of rheological experiments applied to
cementitious materials of small particle sizes (< 4 mm) with a strong focus on cement paste.
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2 Theoretical Background and State of the Art

Generally, cementitious materials undergo a hydration reaction which leads to the macroscopic
transition from a liquid to a solid [8]. The relevant time frame in which the material flows and is
therefore characterizable via rotational rheometry, is approximately three to four hours after first
water-to-cement contact [81]. This corresponds to the induction period (compare chapter 2.2.2,
p. 15). Although the heat flow in calorimetry drops to a low level in this time period (see Figure
13, p. 17), the material continuously evolves by the dissolution of clinker phases and sulfate
carries, and the simultaneous precipitation of hydrates [60, 61]. Consequently, the rheological
properties of cement paste are time-dependent [8, 68, 81, 94]. The yield stress, for example,
increases with time [8]. However, since the exact reaction mechanisms in the induction period
are still under debate, the correlation between the ongoing hydration and the macroscopic stiff-
ening or hardening of the material are a central topic in current research [94, 95]. In summary,
when rheological measurements on cement pastes are conducted, the time-dependent micro-
scopic change needs to be considered.

Cement paste at early hydration states (< 4 h) is a concentrated suspension of non-spherical,
non-colloidal particles with a broad particle size distribution ranging from a few microns to a
few hundreds of microns [81, 82]. Consequently, ¢,, > 64 % can be assumed [96]. Moreover,
due to the ongoing dissolution and precipitation, the number, shape, and distribution of particles
is time-dependent. This makes the solid volume fraction an unknown function of time: ¢(t)
[96].

Thixotropy and Structural Build-up

Cementitious materials generally display thixotropic behavior. During rest, a percolation net-
work is formed which is destroyed by an applied shear deformation, leading to a macroscopic
reduction of the viscosity. If the material is left to rest and then subjected to shear again at a
higher sample age, less shear-thinning is observed due to the ongoing hydration reaction, that
can lead to the formation of permanent bridges between particles [97]. Consequently, the thixot-
ropy of cementitious material is not a reversible process, as illustrated in Figure 17. Thus, the
network formation is usually described as structural build-up [97-99]. The term “structural
build-up” is not clearly defined, but it usually refers to the formation of a percolation network
including both the physical agglomeration of particles as well as the ongoing hydration reaction
and formation of hydrates which potentially act as interparticle bridges. The extend of the
contribution of the hydration as well as the question whether the C-S-H or the ettringite for-
mation contribute more to the structural build-up, is the topic of current research [95, 97, 99].
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Figure 17: lllustration of the time-dependent thixotropic behavior of cementitious materials. The material’s internal
structure is destroyed under an applied shear rate (illustrated in a), which leads to a temporary decrease in viscosity
(illustrated in b) in violet). The network rebuilds under rest, which leads to the gradual recovery of the initial viscosi-
ty. When subjected to shear again at a higher sample age (green), the viscosity under shear is higher due to the
progressed hydration reaction which leads to the formation of permanent interparticle bridges. Consequently, the
thixotropy of cementitious materials is not a reversible process. The network formation caused by both physical
agglomeration as well as the ongoing hydration is referred to as ‘structural build-up .

Spread Flow or Slump Flow

The most common technique to characterize the flow properties of cementitious materials is the
spread flow or slump flow test, which is shown in Figure 18. In this standardized test, a cone of
defined size is completely filled with cementitious material and, if required by the particular
standard, the material is compacted by vibration. As the cone is lifted, the material flows to
ideally form a symmetrical, round puddle whose diameter, usually in [cm], is the so-called
spread. Sometimes it is also referred to as slump flow. If the difference in height between the
cone and the material is measured, then this value is referred to as slump. The used cone size
depends on the particle sizes of the material. The smallest material scale covered by flow-based
consistency tests according DIN standards is mortars (aggregate sizes < 4 mm), as described in
DIN 1015-3 [100]. Spread flow tests of cement pastes without aggregates are not covered by
German standards. In the scientific literature on cement paste rheology, the Haegermann cone
(r1 =35mm, r, =50 mm, h=60mm; compare DIN 1015-3) [100, 101] or the Vicat cone
(r1 =35 mm, r, =40 mm, h =40 mm) [102] are frequently applied. A picture of a spread flow
test conducted with a Vicat cone is given in Figure 84 (SI, p. 163). However, these cones re-
quire rather large volumes of cement paste with V(Haegermann) =344 mL and
V(Vicat) = 177 mL, which can be a disadvantage especially when laboratory-synthesized ad-
mixtures only available in small quantities are to be characterized. Thus, smaller cones, like the
mini cone (r. = 9.5 mm, d =19 mm, h =57 mm, V = 37 mL), as displayed in Figure 18, can be
used as an alternative to obtain the spread of cement pastes, especially in the presence of super-
plasticizers (chapter 2.4, p. 29) [103-105]. However, with decreasing cone size, the obtained
spread values increasingly depend on the speed and the direction of the lifting motion and thus
become user dependent [106]. Therefore, spread values obtained with the mini cone, smaller
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cones or cylinders should only be interpreted relatively within the same measurement series
conducted by the same user. The resulting spread flow does not only depend on the investigated
cementitious material and the cone geometry, but also on the surface on which the experiment is
performed. In practice, spread flow tests of cement pastes are carried out either on acrylic plates
(plexiglass) or glass plates, depending on the laboratory set-up or research methodology. Re-
gional laboratory practices can influence this choice, with North American laboratories prefer-
ring acrylic plates, while European laboratories often employ glass plates. However, this dis-
tinction is not defined by any of the respective standards. In addition to the type of surface, the
pretreatment of the surface prior to the experiment also needs consideration. Whether the sur-
face is dry or pre-wetted influences the obtained spread value and should therefore be kept
consistent within a measurement series.

Figure 18: Picture of a spread flow test conducted with a mini cone. In a spread flow test in general, a cone of a
defined size is filled completely with cementitious material. As the cone is lifted, the material flows to ideally form a
symmetrical, round puddle whose diameter is the so-called spread. The experiment shown on this picture was
conducted using a mini cone (r1 = 9.5 mm, d2 = 19 mm, h =57 mm, V = 37 mL), which in this case was a negative
mould inside an acrylic cylinder. The cone inside the cylinder is highlighted with orange lines as guide to the eye. In
this experiment, the spread flow test was conducted on a dry acrylic plate in the laboratory of Prof. Ammar Yahia,
Sherbrooke, Canada.

In summary, the spread flow test is a robust, widespread, and simple rheological experiment,
that does not require any understanding of rheology and can be performed for all cementitious
materials from cement pastes to concrete. The standardized cones and procedures make the
obtained values for mortar and concrete easily comparable between different laboratories or
construction sites. However, the reduction to a single diameter value cannot cover all aspects of
the complex rheological properties of cementitious materials, like their thixotropic behavior.
Thus, more sophisticated rheological procedures are required to fully characterize these materi-
als.
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Yield Stress in Steady-Shear Rheometry

The dynamic yield stress o, 4 obtained via rotational rheometry is a very central property in the
characterization of cementitious materials as it is closely tied to the spread flow test. It is as-
sumed that the material in the spread-flow tests stops to flow when the dynamic yield stress is
reached, thus oy, defining the resulting spread value. Different mathematical correlations
between o, 4 and the spread have been proposed, with the most commonly used being [101,
107, 108]:

225:p-g-V?

004~ g 7 R5 (2.12)

including the density p (typically p = 2 kg m=for cement paste), the earth gravity g (9.81 ms?),
the volume of the cone V and the radius of the spread R. Different rheological experiments can
be used to obtain the dynamic yield stress [76, 82, 87]. In rotational rheometry, the most com-
mon technique, a flow curve is obtained by a descending series of shear rates. The yield stress is
determined via fitting of the stress data with a suitable model (compare chapter 2.3.1, p. 19). As
described in the previous chapter, different models can be used to calculate the yield stress with
Bingham and Herschel-Bulkley being the most prominent models for cementitious materials
[81, 104, 109]. Yahia et al. compared different models, including the Bingham, the Herschel-
Bulkley model and the modified Bingham, and their fit for a series of different cementitious
materials. The value obtained by a Herschel-Bulkley fit gave the lowest estimates for shear-
thinning and the highest estimates for shear-thickening materials [88]. For cement pastes, simi-
lar studies on the rheological models show that the Bingham-Fit yields the most stable results,
while the Herschel-Bulkley model is a better representation of the non-linear behavior [104,
110, 111]. It should be noted that the yield stress in general is a fit parameter, that strongly
depends on the rheological experiment, the fit function and the fitted shear rate range. There-
fore, care should be taken in the comparison of different studies, especially when the numerical
values are being discussed.

The static yield stress g, can also be of interest, especially when studies on the structural
build-up are being conducted [104, 109, 112, 113]. Nicia et al., for example, used the time-
dependent growth of g, ¢ to quantify the thixotropic structural build-up [113]. The static yield
stress is often obtained by applying a constant shear rate in a simple shear measurements [104].

As the rheological behavior of cementitious materials strongly depends on the state of the
ongoing hydration reaction, experiments to determine the dynamic yield stress need to be suffi-
ciently short, typically less than five to ten minutes, to ensure that the chemical changes are
negligibly slow in comparison to the duration of the experiment.

Oscillatory Shear

Oscillatory shear rheometry can be conducted in two amplitude regimes: Small amplitude
oscillatory shear (SAOS) probes the linear viscoelastic response of a material, whereas large
amplitude oscillatory shear (LAOS) explores its nonlinear behavior under progressively greater
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deformation. In oscillatory time sweep experiments, an amplitude in the SAOS regime is ap-
plied and the time-dependent evolution of the shear modulus G’(t) and the loss modulus G”’(t)
is monitored. In these experiment, G’(t) usually increases and reaches a plateau within ten to
twenty minutes, a time frame which is by far too small to correspond to the liquid to solid
transition of cement pastes (compare chapter 2.2.2, p. 15). Therefore, the G’(t) evolution is
usually attributed to the structural build-up caused both by interparticle interactions and the
ongoing hydration reaction [99, 114]. Michel et al. recently suggested the structural build-up
monitored by the G’ evolution to be directly caused by C-S-H formation [115], while the find-
ings of Jakob et al. suggest ettringite to be the main contributor to the observed stiffening [95].
According to Mostafa and Yahia, the linear increase in G’ can be described by the rigidification
rate of the percolation network [114]. Although the static yield stress also probes the formed
percolation network, it has been found that the G’(t) increase does not necessarily coincide with
the time-dependent increase in g, s [99].

Oscillatory strain sweeps are also an important tool in the investigation of the structural build-
up of cement pastes [112, 116-118]. Two critical strains are identified in these tests: the strain
that marks the transition from the linear to the non-linear regime, and the strain at which
G’ =G’ [97]. These critical strains have often been correlated to the static yield stress [112].
LAOS experiments have also been conducted for cement pastes [119, 120], but are beyond the
scope of this work.
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2.4 Poly(carboxylate ether)s — the Most Prominent
Cement Admixtures

Concrete is an engineering material. Its properties are mainly governed by its mix design, pri-
marily the chosen aggregate sizes and the water content [8]. In addition, a broad range of admix-
tures can be used to fine-tune the final concrete properties both in fluid and solid state. These
admixtures include e.g. viscosity modifiers, like carboxymethylcellulose (CMC), which are used
to increase the viscosity and stabilize the mixture against segregation, and retarders, often
mono- or polysaccharides, which are used to prolong the induction period [8].

The group of admixtures that are used to increase the flowability and thus improve the worka-
bility, are water reducers [8]. Water reducers are molecules which either improve the flowabil-
ity at a given w/c ratio or allow decreasing the water content by at least 5% while maintaining
good workability. The water content determines the final solid properties of the hardened ce-
mentitious material (see chapter 2.2.1, p. 14). Reducing the water content increases the resulting
final compressive strength. This relationship is used, for example, in ultra-high performance
concrete (UHPC), which is characterized, amongst other properties, by a very high final com-
pressive strength exceeding 150 MPa resulting from its extremely low water-to-cement ratio of
w/c < 0.2 [121]. The most commonly used water reduces are lignosulfonates, which electrostat-
ically stabilize the cement suspension [8]. In the 1980s, synthetic polymers emerged as water
reducers which allowed such a high water reduction, that they opened up a new category within
the water reducers: superplasticizers, also referred to as high-range water reducers (HRWR) [8,
56]. Superplasticizers usually allow a water reduction of at least 12% [8].

With an annual production of about 15 million tons [122], the most important type of superplas-
ticizers are the poly(carboxylate ether)s (PCEs). The great water-reducing effect of PCEs relies
on their unique molecular architecture [8]. The term poly(carboxylate ether)s describes a group
of comb copolymers which share the characteristics of a charge-carrying backbone and
poly(ethylene) (PEO) sidechains. As illustrated in Figure 19, the negatively charged backbone
allows the combs to adsorb to the positively charged surfaces of cement particles. The non-
adsorbing sidechains extend to the pore solution and create steric hindrance between the parti-
cles, resulting in the macroscopic reduction of the yield stress o, and thus an enhancement in
workability [8]. In the most common PCE structure, the backbone is made from a polycarbox-
ylate, usually poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA) in which the carbox-
ylic acid functions bear negative charges in the strongly basic environment of cement pastes of
pH = 12 - 14. The term PCEs is also used for comb structures with e.g. alternative anchoring
groups such as phosphate (-PO42) or sulfonate (-SOs). For an overview of possible PCE archi-
tectures and their influence on the macroscopic properties of cement pastes, the reader is re-
ferred to recent review articles [56, 123-125]. Unless stated otherwise, the term PCE in this
work refers to comb polymers with a polycarboxylate backbone (-CO;") and PEO sidechains. In
addition to their fluidizing effect, PCEs typically exhibit a retarding effect, meaning they extend
the induction period of the cement hydration [8]. Different hypotheses as to why PCEs act as a
retarder have been developed and are still under debate [8, 9, 126].
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Figure 19: Schematic illustration of working principle of poly(carboxylate ether) (PCE) superplasticizer, adapted
from [8]. Its comb-copolymer architecture is key to its functionality. The negatively charged backbone allows the
combs to adsorb to the positively charged surfaces of the simplified cement particles. The non-adsorbing sidechains
extend to the pore solution and create steric hindrance between the particles, resulting in the macroscopic reduction
of the yield stress o, and thus an enhancement in workability.

As PCE increases the flowability of cement pastes, the spread value increases accordingly,
which correlates to a reduction in the dynamic yield stress (compare chapter 2.3.2, p. 23). The
macroscopic spread increase induced by PCE is concentration-dependent and follows the so-
called S-curve [127, 128], illustrated in Figure 20. The S-curve displays the spread plotted
against the PCE dosage, expressed in wt.% relative to the mass of dry binder (typically cement).
The plotted spread values correspond to the initial fluidity during the first thirty minutes after
mixing [8]. A critical dosage must be exceeded before any significant increase in spread flow is
observed. Above this threshold, the spread flow increases linearly with dosage until the satura-
tion dosage is reached. The saturation denotes the point beyond which a further concentration
increase no longer enhances the spread values significantly. Dosages above the saturation may
lead to segregation or bleeding. The maximum PCE dosage is typically below 2 wt.% of solid
polymer in relation to mass of dry binder [8]. However, most studies employ substantially lower
dosages, with PCE commonly used in the range of 0 — 0.5 wt.% [129]. Rheological characteri-
zation along the S-curve can be challenging because the reference paste without PCE is very
stiff due to its low wi/c-ratio, while pastes near the saturation dosage are highly flowable and
exhibit very low yield stresses and viscosities [130]. Mantellato et al. recently proposed the so-
called shifting factor, under the assumption, that the presence of superplasticizer increases the
percolation threshold ¢,.,.. The shifting factor is meant to enable measurements to be per-
formed at different solid volume fractions and subsequently be superimposed to a single master
curve [96, 130].
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Figure 20: Typical S-curve in the spread vs. SP dosage diagram. Above the critical dosage, the spread flow increases
linearly with the added mass of SP until the saturation dosage is reached. The saturation denotes the point beyond
which a further addition no longer linearly increases the spread values. Adapted from [127, 128, 131].

As described in the previous chapter, the yield stress of cementitious materials increases with
hydration time (compare chapter 2.3.2, p. 23). The addition of PCE slows down this time-
dependent evolution, but a progressive loss of workability is usually observed nevertheless. The
capability to maintain a low yield stress for a prolonged time period is called yield stress reten-
tion or slump retention, and it is a critical parameter for the practical performance of PCE su-
perplasticizers [8]. However, the studies in this work only focus on the initial fluidity thus the
slump retention is not further discussed. The saturation dosage in the S-curve is generally asso-
ciated with the maximum possible surface coverage, as determined by the adsorption equilibri-
um and competitive adsorption [9, 132]. Thus, it is essential to examine the adsorption behavior
of PCE molecules in more detail. The most influential work on the adsorption of PCEs has been
developed by Flatt and co-workers, based on the solution theory of comb polymers originally
proposed by Gay and Raphaél [9, 10, 126, 133, 134]. Gay and Raphaél extended classical
polymer solution theory to comb polymers and identified distinct conformational regimes de-
pending on their structural parameters [133]. They propose the combs to be characterized by
three parameters: the number of structural repeating units n, the number of backbone monomers
per repeating unit N and the sidechain length P. The ratios between these structural parameters
can be used to describe the polymers in solution as shown in Figure 21, which can fall into one
of the following structural regimes: decorated chain (DC), flexible backbone worm (FBW),
stretched backbone worm (SBW), stretched backbone star (SBS), and flexible backbone star
(FBS) [133]. Most PCE combs fall into the FBW regime, with the SBW being second most
common [129].
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Figure 21: A) Schematic representation of one of the n structural repeating units of comb polymer with the sidechain
length P and the number of backbone monomers N. B) Structural regimes of comb polymers. The different domains
are the following: decorated chains (DC), flexible backbone worm (FBW), stretched backbone worm (SBW),
stretched backbone star (SBS), and flexible backbone star (FBS). The sidechain length is denoted Rp and the core size
is Rc. Redrawn from [10, 133].

For FBW type molecules, the equilibrium adsorption constant has been shown to scale with the
structural parameters P, N and n of the polymer according to:

kaas (N — 1)2'22
KA = P ~ 5 3
des P5 - N5 -

(2.13)
n

with the adsorption and desorption rate constants kags and Kges, and the unitless effective charge
density z. This expression links the molecular architecture of the comb polymer directly to its
adsorption affinity. The derivation of equation (2.13) is based on several simplifying assump-
tions [134]:

1. The PCE combs follow a Langmuir type adsorption isotherm. The Langmuir adsorption
isotherm describes a monolayer adsorption onto a finite number of identical surface
sites, assuming that no interaction occurs between molecules. For an introduction to ad-
sorption isotherms, the reader is referred to literature [135].

2. The driving force for adsorption is attributed to the electrostatic interaction between the
charged polymer and the charged surface, which is driven by the number of charges car-
ried by the polymer. Competitive adsorption should be expressed with respect to the
surface charge sites.

3. The polymer combs are considered to compete with small ions for the available adsorp-
tion sites.

4. The adsorption and desorption rates are expressed solely in terms of the total number of
charges on the polymer in relation to the total number of free adsorption sites, thereby
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neglecting the role of the polymer structure. The polymer structure is incorporated into
the kinetic pre-factors.

The FBW structure describes the polymer as a chain of spherical blobs, each characterized by a
core radius Rc [10]. When adsorbed to the surface, this sequence becomes a chain of hemispher-
ical blobs. The characteristic size of these hemispherical blobs was derived based on free-energy
minimization following a Flory-Huggins type approach [10]:

7 1
1

Rac = 2V <2(1 — 2)))5a,PTON 1o (2.14)
N

With the gyration radius of a single adsorbed hemispherical core Ry, the length of the back-
bone monomer ay , the length of the sidechain monomer ap, and the Flory-Huggins parameter y
of the PEO sidechain in the respective solution. For their calculations, Flatt et al. use
ay =0.25 nm for methacrylic acid, ap = 0.36 nm for ethylene oxide and y =0.37 for PEO,
determined for DO at 25 °C [10]. The gyration radius of a hemisphere R, is assumed to corre-
spond to the layer thickness, also often referred to as the brush height h, created by the non-
adsorbed sidechains [10].

The overall surface area covered by the FBW polymer, including the lateral space required by
the backbone, can be expressed by the following scaling law [10]:

2

T ap\t 9 3
N

V2

Although equation (2.13) provides a useful conceptual link between polymer architecture and
adsorption capability, a few key limitations require consideration. As discussed in the chapters
2.2 (p. 13) and chapter 2.3 (p. 19), cement pastes evolve rapidly during hydration by dissolution
of clinker phases and precipitation of hydrate phases, which ultimately rapidly changes the
available surface, thus limiting the time for PCE - surface interactions. Thus, it is questionable if
a true equilibrium state can be reached. Additionally, PCEs do not adsorb uniformly on the
various cement phases. They exhibit a higher affinity for aluminate phases than for silicate
phases [124, 136]. Moreover, in recent studies on the effect of addition time of PCE, it was
observed that PCE seemed to be “lost” when added directly to the mixing water [137], thus
raising questions regarding the reversibility of the adsorption process. In the study, this apparent
loss has been attributed to the enhanced formation of ettringite, which increases the available
surface area and may therefore demand higher PCE dosages to achieve the same level of fluidity
[137].

Sa
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2.5 Principles of Infrared Spectroscopy

Infrared Spectroscopy is a standard tool in chemical laboratories for qualitative and quantitative
analysis, such as the identification of chemical substances, the determination of molecular
structures and the monitoring of reaction Kinetics [138].

The infrared portion of the electromagnetic spectrum lies directly below the wavenumber region
of visible light and is usually divided into three regions: near-, mid- and far infrared, as dis-
played in Figure 22. They are differentiated by their wavelengths and the related energy (see
equation (2.16)). Therefore, different transitions are excited in the different electromagnetic
regions, as written in Figure 22.
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Figure 22: Infrared portion of the electromagnetic spectrum. The wavenumber increases from left to right, while the
wavelength increases from right to left. Since the energy is proportional to the wavenumber, it also increases from
left to right. Adapted from [138]

Most industrial applications of infrared spectroscopy are based on near - infrared (NIR) spec-
troscopy, as it is fast, penetrates bulk materials and uses inexpensive, robust hardware [139].
NIR analysis is for example applied in the sorting of waste prior to recycling. However, NIR
mostly excites overtones, which makes the spectra difficult to interpret. Thus, chemometrics are
usually needed to identify substances from the weak, broad and overlapping overtone bands
[139]. Therefore, MIR spectroscopy is preferred in analytical laboratories because it probes
fundamental molecular vibrations leading to sharp absorption bands, making the spectra easier
to interpret. The basic working principle of infrared spectroscopy is the absorption of infrared
light by vibrational modes of molecules energies match the energy of the incident radiation.
This general concept is illustrated in Figure 23. In quantum theory, radiation is emitted from a
source in discrete units called photons [140]. The photon energy E is expressed by:
c

v=h-—

E =
h A

(2.16)
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with the Planck’s constant h, the photon frequency v, the speed of light ¢, and the wavelength of
the photon A. If the photon energy corresponds to the energy of a vibrational mode of a molecu-
lar bond in the sample’s molecule, the corresponding portion of the radiation is absorbed and
therefore missing from the light reaching the detector. The remaining transmitted radiation is
measured and the spectrum is obtained. IR spectra can be displayed in two ways: as transmit-
tance or absorbance spectra. In the transmittance spectrum, the transmittance T is plotted against
the wavenumber ¥, with the wavenumber ¥ being the inverse of the wavelength A:
1

v = (2.17)

and the transmittance T being defined as:

I
T=— (2.18)
Iy

where lo is the incident intensity and | the transmitted intensity. Transmittance is usually ex-
pressed in percent: if no light of a given wavelength portion is absorbed, the transmittance is
100 %. If all light is absorbed, it is 0 %. For quantitative analysis, absorbance spectra are pre-
ferred. The absorbance A is calculated as:

I
A= —logT = 1og7° (2.19)

The absorbance is directly proportional to the concentration, as given by the Lambert-Beers law:
A= ¢c-c-l (2.20)

with the molar extinction coefficient &, the concentration ¢ and the optical path length .

Figure 23: Scheme of the principle of IR spectroscopy. IR radiation of different wavelengths (indicated by the
different shades of red) is used to irradiate the sample. The sample absorbs the infrared light if vibrational modes of
the molecule match the energy of the incident radiation. The peaks in the absorbance spectrum mark the absorbed
wavenumber regions. The molecule can be described as two masses m: and mz connected by a spring with the spring
constant k.
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As stated above, the infrared radiation is absorbed when its energy matches one of the vibra-
tional modes of the molecules in the sample. The characteristics of a stretching vibration can be
approximated by a mechanical model consisting of two point masses connected with a spring, as
displayed in Figure 23 (p. 36). In this analogy, the atoms correspond to the point masses while
the spring represents the chemical bond. A diatomic system can be described with a concept
from classical mechanics: the harmonic oscillator. The classical vibrational frequency of a
diatomic molecule is given as

1 |k
y=— |- (2.21)
21 U
with the force constant k and the reduced mass p, which is defined as:
. mm;
U= —m1 T, (2.22)

The force constant k corresponds to the bond strength of different bond types. For a C-C single
bond, ki~ 300 - 600 N m*, while k.= 1000 -1 200 N m*for a C=C double bond [140]. The
potential energy of the classical harmonic oscillator is a function of the displacement X, as given

by:
1
V(x) = Ekx2 (2.23)

Molecular vibrations require a guantum-mechanical description. In quantum mechanics, the
vibrational energy levels are quantized, and the energy of the harmonic oscillator is given by:

1
E = (n + E) hv, withn=1,2, ... (2.24)

Here, v is the classical vibrational frequency of the oscillator and n is the vibrational quantum
number. In the harmonic approximation, transitions are only allowed when the quantum number
changes by An + 1. All other transitions are forbidden. For a more detailed introduction to the
concepts of the harmonic and anharmonic oscillator and the quantum-mechanical treatment of
molecular vibrations, the reader is referred to [135, 138, 141, 142].
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2.5.1 FTIR Instrumentation and Calculation of Spectra

The first infrared spectrometers were dispersive instruments in which each wavelength was
measured individually. This was achieved by splitting the broadband infrared radiation with a
prism or a grating into its spectral components and sequentially selecting wavelengths using a
movable slit [141]. These instruments have been replaced by the much faster and more robust
Fourier-Transform Infrared (FTIR) spectrometers. In FTIR, the sample is irradiated with modu-
lated light containing all wavelengths at the same time. The measured intensity at the detector is
Fourier-transformed to obtain the spectrum [141].

This chapter provides a brief and fundamental introduction to the operating principles of FTIR
instruments and to the calculation of FTIR spectra. For a more theoretical and technical back-
ground, the reader is referred to the book by Griffiths and de Haseth [142]. For a comprehensive
guide to obtaining high-quality FTIR spectra, the reader is referred to the book by Smith [138].

Inter- Computer
Source ferometer Sample (H Detector (FT)

Figure 24: Simplified FTIR instrument, adapted from [141].

In a simplified FTIR instrument, the IR beam follows the general path displayed in Figure 24:
An infrared source produces infrared light, which is modulated in the interferometer. Subse-
quently, the modulated light is guided to sample where parts are absorbed. The remaining light
is detected by the detector, which is connected to a computer that conducts the Fourier trans-
form (FT) to obtain the spectrum. In the following, the different parts of the instrument are
discussed along the beam path. Sources in FTIR instruments are usually blackbody radiators
that emit IR radiation. The most commonly used IR source is the Globar, a material based on
silicon carbide [141]. It is usually preferred over other IR sources due to its high emissivity and
the comparatively long life time [141]. Alternative sources are the Nernst Stick or metallic coils
made from chrome-nickel alloys or tungsten [141].

The core of the FTIR instrument is the interferometer. There is a number of various interferome-
ter designs used by FTIR manufacturers. The Michealson Interferometer is commonly used to
introduce the concept of interferometers and is displayed in Figure 25. The IR beam irradiated
by the source is parallelized by a collimating mirror before the beam reaches the beam splitter.
The beam splitter is a semi-transparent mirror which ideally divides the beam in two halves.
The reflected half travels to the moving mirror while the passing light travels to the fixed mir-
ror. Both mirrors reflect the beam back to the beam splitter, where again half passes while half
is reflected. This results in one beam passing towards the sample while the second travels back
to the source.

38



2.5 Principles of Infrared Spectroscopy

g Collimating
/1”7 ve\ IR beam mirror
A Q ma T >

IR source

Moving mirror

I
I
|
0.0 Beamsplitter”..+
LA «|f--<4-—--—<4¢--=-" €¢-->»

Detector + *
Sample [
|
v

Fixed mirror

Figure 25: Schematic drawing of a Michelson interferometer. The collimated IR beam is split into two perpendicular
paths using a beam splitter (ideally 50 % reflectance, 50 % transmission), directing one beam to a fixed mirror and
the other to a mirror displaced by the mirror position 4. The maximum mirror displacement is indicated as Amax. The
beams reflect back to the beam splitter, where they recombine and interfere depending on the optical path difference
0 = 2 A. The position at which the optical path difference equals zero as the distance between the beam splitter to the
fixed and to the moving mirror is the same, is referred to as zero path difference (ZPD). As the moving mirror
changes its position, the interference pattern is modulated resulting in an interferogram (see Figure 26, p.41).
Adapted from [138].

Depending on its displacement A, the moving mirror introduces an optical path difference &
(OPD), which is given by:

5 =2A (2.25)

If the moving mirror is placed at the same distance to the beam splitter as the fixed mirror, the
optical path difference is zero (6 = 0). Therefore, this position is usually referred to as zero path
difference (ZPD). When the beams of the two interferometer arms recombine, their path-length
difference produces an interference pattern, the so-called interferogram, which contains the full
spectral information. The interferogram is a function of the optical path difference and has a
very distinctive form, as displayed in Figure 26 (p. 41). It has a high peak of intensity at the
ZPD, the so-called center burst, which is the result of the light of all wavelengths contained in
the spectral range constructively interfering. The low intensity regions of an interferogram are
referred to as its wings. These wings show reduced intensity because, as the optical path differ-
ence increases the various Fourier frequencies, they increasingly fall out of phase with one
another, leading to destructive interference [138]. For a single, specific wavelength ,, the
modulated intensity can be written as [142]:

L;,(8) = 0.5 Iy 3, cos(2m¥y6) (2.26)

Iy, is the intenstiy of the source for the wavenumber ;. In commercial rapid scan spectrome-

ters, the movable mirror is varied at a constant velocity ¥’ in [cm s?] [142]. Consequently, the
retardation which is reached t seconds after the ZPD is given by:
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§=2V"-t (2.27)

A higher mirror velocity increases the rate of change of the optical path difference, causing each
wavenumber component to oscillate faster in the interferogram. For a single wavenumber, the
intensity can thus be expressed as a function of time:

L (t) = 0.5 Iy, cos(2ny - 2V't ) = 0.5 Iyy, cos(Rmfyt) (2.28)
with the modulation frequency £, which is directly proportional to the mirror speed:
fo=2V"¥ (2.29)

Most FTIR spectrometers have the option to vary the mirror velocity, also referred to as scan
speed or scanning velocity. For a constant physical mirror speed, the modulation frequency is
wavelength dependent as stated by equation (2.29). Therefore, the scan speed is conventionally
given as frequency in reference to the HeNe laser, which is integrated in most interferometers to
precisely determine the mirror position of the movable mirror. The wavelength of the HeNe
laser is 632.8 nm, which corresponds to ¥ = 15 800 cm. Consequently, a physical scan speed of
V’=0.16 cm s generates a HeNe frequency of 5 kHz, which is a typical scan speed for the
deuterated triglycine sulfate (DTGS) pyroelectric detector. The mercury-cadmium telluride
(MCT) detector requires faster optical velocities of > 10 kHz for a sufficient sensitivity [142].

The DTGS and the MCT are the most common FTIR detectors. The DTGS is a pyroelectric
detector, meaning it relies on the electrical signal induced in the pyroelectric crystal by increas-
ing temperature. It is widely used in FTIR due to its broad spectral range, its low cost and
because it can be operated at room temperature. The MCT detector is photoelectric detector, in
which the incident infrared light changes the electrical conductivity of the semiconductor ele-
ment. It requires cooling to reduce thermal noise, i.e. with liquid nitrogen (LN2). The MCT
detector provides up to 10 times higher sensitivity in comparison to the DTGS detector [142].
However, the higher sensitivity comes at the cost of spectral range. A typical DTGS detector
covers the whole mid-IR range while MCT detectors have a cut-off at 800 — 500 cm™, depend-
ing on their bandwidth [142]. The detector records the intensity as a function of the OPD. This
results in the interferogram, which is displayed in Figure 26. To calculate the spectrum, half of
the interferogram is Fourier transformed to obtain the single channel spectrum. As a magnitude
Fourier transform is applied, the x-axis becomes inverted. Thus, the optical path difference in
[cm] is converted to the wavenumber in [cm™], as shown in Figure 26.
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Figure 26: The interferogram is a plot of arbitrary infrared intensity obtained at the detector versus the OPD 4. The
mirror moves from the maximum displacement through the ZPD back to the maximum displacement. In the interfer-
ometer drawn in Figure 25, this would correspond to a forward-backward motion which is indicated in the interfero-
gram with the indices + (forward) and — (backward). The recorded intensity is maximum at the ZPD, which is the so-
called center burst. The low intensity regions of an interferogram are referred to as its wings. Magnitude Fourier-
transform (FT) of half of the interferogram (gray background) results in a single channel spectrum (SC), which is an
arbitrary infrared intensity plotted against the wavenumber. As the FT is applied, the x-axis is inverted (cm — cm-t).

In two beam FTIR instruments, the IR beam is split after the interferometer, with one beam
traveling directly to the detector while the second passes the sample. Thus, the absorbance is
calculated by equation (2.19) (p. 36) with the initial intensity lo of the undisturbed beam and |
the intensity of the beam which passed the sample. However, most commercial FTIR instru-
ments are single channel FTIR, meaning they only have one beam. Consequently, to obtain the
final spectrum, two single channel spectra are required: one background single channel spec-
trum (BGSC) without any sample, corresponding to lp, and a sample single channel spectrum
(SSC) with the sample, corresponding to I. The absorbance spectrum is then calculated from the
BGSC and the SSC following equation (2.19) (p. 36) as displayed in Figure 27.
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Figure 27: To obtain one FTIR spectrum, two single channel spectra are needed: a background single channel
spectrum (BGSC) and a sample single channel spectrum (SSC). Using equation (2.19) (p. 36), the final absorbance
spectrum is calculated as the ratio of BGSC and SSC.
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2.5.2 Attenuated Total Reflectance (ATR)

FTIR can be carried out using various sampling techniques. An important alternative to the
standard transmission measurements is attenuated total reflectance (ATR) spectroscopy: In ATR
FTIR, infrared light is directed through an internal reflection element (IRE), usually a high
refractive-index ATR crystal. A distinction is made between external reflection, where IR light
is reflected from the sample surface as for example in diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) and internal reflection, which refers to the reflection of the IR
beam inside the IRE.

Rheometer
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wave

Sample
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Figure 28: Schematic representation of ATR FTIR on the example of the Rheo-FTIR (see chapter 5, p. 87), including
the IR beam and the evanescent wave. For improved clarity, the schematic is intentionally not drawn on scale. The
evanescent wave probes the sample at the wavelength-dependent depth of penetration DP. Adapted from [20]

At the interface between the IRE and the sample, the totally reflected IR beam generates an
evanescent wave that probes the sample within a short distance as illustrated in Figure 28. This
penetration depth DP, which is in the um — range, is wavelength-dependent:

A

2 2.30
2mn, ’sinZG - (%) (2:30)
Cc

with the refractive index of the sample ns (typically ns~ 1.3 for polymers) and the refractive
index of the ATR crystal n.. Typical ATR crystal materials are Zinc selenide (ZnSe, n. = 2.43),
germanium (Ge, n¢=4.01), silicon (Si, nc = 3.41) or diamond (n.=2.42) [143]. In general,
diamond is the most commonly used ATR crystal material due to its durability, chemical re-
sistance and the highest penetration depth [143]. Typical values for the depth of penetration are
given in Figure 29.

DP =
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Figure 29: Depth of penetration DP calculated for the two ATR crystal materials diamond and silicon. For the
calculation, an incident angle of 8 = 45 ° was assumed. As sample refractive index, the value ns = 1.3 was chosen
which is typical for polymers. At 1 000 cm*, DP = 0.78 um for Si and DP = 1.43 um for diamond.

ATR FTIR comes with a few limitations in comparison to transmission spectroscopy. Since the
evanescent wave penetrates only a few micrometers into the sample, ATR primarily probes
near-surface regions whereas transmission techniques capture bulk properties. The rather shal-
low penetration depth of <4 pum of ATR FTIR reduces the effective number of absorbing bonds
and thus the overall sensitivity. In addition, intrinsic phonon absorptions of the ATR crystal can
reduce the transmitted intensity in certain spectral regions [141]. Nevertheless, ATR is one of
the most common sampling techniques as it offers significantly simpler handling than transmis-
sion spectroscopy. While transmission techniques often rely on thin films or pressed KBr pel-
lets, samples in ATR can be examined by directly placing them onto the crystal surface. ATR
also facilitates practical use and enables convenient in-situ FTIR measurements with fiber-
coupled ATR probes. In addition, the sensitivity of ATR can be increased by introducing multi-
ple reflections [141].
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3 Development of a Procedure for the
Rheological Characterization of
Cement Pastes

While the adjustment of flowability of cementitious materials has always been of importance,
the use of rotational rheometers is a comparatively young research field in cement and concrete
science [81]. Traditionally, the most prominent methods to characterize the flowability of ce-
mentitious materials have been, and still are, spread flow and slump flow tests (see chapter
2.3.2, p. 23). However, following the fundamental works of researchers like Roussel, Feys and
Wallevik as well as the introduction of rheometers to standards, as e.g. in ASTM C1874-20,
rotational rheometery has increasingly been applied to investigate viscosity, yield stress and
other complex rheological properties such as the thixotropy of cementitious materials [81].
Nevertheless, due to the complex material behavior of cement paste, the rheological characteri-
zation remains challenging. Consequently, the question on how to properly conduct reliable
rheological measurements has been a recurring research question over the past decades [89, 103,
144]. For this reason, in this chapter, a rheological procedure is developed to ensure reproduci-
ble and reliable results in the determination of the yield stress of cement pastes. For this pur-
pose, different geometries were first tested and are discussed. Second, the measurement parame-
ters for the chosen geometry were optimized to enhance the reproducibility of the
measurements. Finally, the validity of the developed procedure is confirmed via comparison of
the obtained data to spread flow measurements.

3.1 Choice of a Suitable Geometry

In general, a large variety of different geometry shapes, sizes and functionalities are available
for rheological characterizations [76, 77]. Therefore, when a rheological protocol is to be devel-
oped, the first choice that has to be made is the selection of a proper geometry. In this work, five
geometries are compared on their suitability for cement paste characterization: a 25 mm Plate-
Plate (PP) geometry with smooth surfaces, a 25 mm PP geometry with sandpaper glued to the
surface, a 50 mm PP geometry also with sandpaper, a helix-cup and a vane-cup geometry, as
shown in Figure 30 (p. 46). Cone-Plate geometries were excluded, since the gap is too small in
comparison to the particle size. The chosen geometries were based on the selection of geome-
tries in the interlaboratory study carried out within the framework of the Priority Programm
SPP2005 ‘Opus Fluidum Futurum — Rheology of reactive, multiphase construction materials’
(abb.: SPP2005) [101, 145]. While this study already provides some insight on the effect of
different geometries, the use of a variety of different rheometers complicates the absolute com-
parison of the obtained yield stress values. Moreover, the choice to compare flow curves at the
same rotational speeds instead of the same shear rates makes the results depend heavily on the
gap sizes. Therefore, the protocol probes different ranges of deformation depending on the used
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3 Development of a Procedure for the Rheological Characterization of Cement Pastes

geometry, making a comparison almost impossible. Consequently, a definite optimum choice of
geometry cannot be concluded from the interlaboratory study conducted within SPP2005.

For this reason, in this thesis, a comparison of geometries was conducted similarly as proposed
in [101] with the difference that all flow curves were obtained with the same rheometer, the
ARES G2, and the sample was characterized at the same shear rates instead of the same rota-
tional speeds. The applied rotational spreads are converted to shear rates by the rheometer
software based on the geometric dimensions of the measurement systems. These conversions
are standard and therefore were not further investigated. An overview on these conversions is
given elsewhere [76].

Figure 30: Pictures of different upper geometries tested for the characterization of cementitious materials. From left
to right: 25 mm Plate-Plate geometry with smooth surface, 25 mm PP geometry with sandpaper, 50 mm PP with
sandpaper, a helix with smooth surface and a four-blade vane with a smooth surface. In the PP configurations the
lower geometry matches the upper one. The helix and vane are paired with a Couette (cup) geometry as their coun-
terpart.

The compared geometries are displayed in Figure 30 and can be categorized in two groups:
Plate-Plate (PP) measurement systems (MS), in which both the upper and the lower geometry
are flat plates, and cup systems, in which different upper geometries are combined with a cup in
the lower geometry. The definition of a cup measurement system is specific to this thesis. The
rheology handbook of Mezger classifies the helix and the vane as “spindle” measurement sys-
tems [76]. PP geometries are widely used in many fields of rheology, e.g. in the characterization
of hydrogels or polymer melts [76, 113]. These systems have different advantages, such as that
only a comparatively small sample amount is needed if the standard gap height of 1 mm is
applied, that they ensure steady laminar flow and that the shear rate and strain can be altered by
changing the gap height [89]. Three different PP were compared in this study: A 25 mm PP with
smooth surfaces was chosen as reference to previous works conducted in this working group by
N. W. Radebe and T. Meyer [21, 146]. Several studies in literature suggest that smooth geome-
try surfaces lead to pronounced slippage effects, most probably by formation of a water layer
between the cement paste and the geometry [110, 147]. Therefore, the other two chosen PP of
the diameters 25 mm and 50 mm were treated by attaching water-resistant sandpaper (abbrevi-
ated SP, 600 grit) with cyanoacrylate glue to stainless steel disposable plates. The standard
aluminum disposable plates were not used due to the significant corrosion by the strongly basic
cement pastes. The two cup systems are a helix-cup combination designed for complex fluids
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3.1 Choice of a Suitable Geometry

and a vane geometry similar to versions tested in the reference study [101]. The vane can also
be described as a reduced concentric cylinder. As cement is confined within the rotor blades in
rotational tests, the geometry basically acts as a cement bob in cement paste. Therefore, it is
assumed that slippage between the geometry and cement paste is reduced in comparison to other
geometries. Moreover, both the helix and the vane have a lower surface-to-volume (S/V)-ratio
than PP MS and are thus more stable against surface drying effects.

To test the suitability of the different geometries, the preparation of cement pastes of w/c = 0.4
as well as the rheological procedure were adapted from [101]. After placing the paste in the
respective geometry, a series of descending shear rate steps in the range of y =100 — 0.1 s was
applied, as illustrated in Figure 31. Starting at 100 s, every shear rate step was applied for 20 s,
which was sufficient to reach a steady-state. For time-independent materials, the shear rate steps
can be applied as long as necessary to reach steady-state. However, as the rheological behavior
of cement paste strongly depends on the state of the ongoing hydration reaction, experiments to
determine the dynamic yield stress need to be sufficiently short, typically less than five to ten
minutes, to ensure that the chemical changes are negligibly slow in comparison to the duration
of the experiment. Therefore, the step time has to be a compromise between a sufficiently long-
time span to reach steady-state and a sufficiently short time span to minimize chemical changes.
In the experiments in this work, this compromise was a step time of 20 s.

Prior to the comparison of the different geometries, the data evaluation of the typical stress-time
curves to obtain the yield stress is discussed in the following. The data evaluation was conduct-
ed accordingly for all further yield stress measurements reported in this work.
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Figure 31: a) Applied shear rate profile to obtain flow curve of cement pastes. A series of descending shear rates in
the range of y = 100 — 0.1 st is applied. The pre-shear at 100 s is applied for 60 s, while all other shear rate steps
are applied for 20 s. In this graph, the final shear profile after optimization is shown (see chapter 3.2, p.51), which
was used for all experiments in the following chapters. As the geometry selection discussed in the present chapter
was conducted prior to procedure optimization, the pre-shear at 100 s was only applied for 20 s in the experiments
reported in this chapter 3.1. b) Typical set of raw data stress-time curve for cement pastes of w/c = 0.35 obtained
with the shear rate profile displayed in a). The material reaches a steady state when the stress response is time-
independent.
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To obtain the final flow curve, the stress obtained for the individual shear rate steps is averaged
over the steady-state region. For most samples, steady state was obtained immediately at apply-
ing the shear rate (see Figure 31 b)). Therefore, the stress was averaged over the whole step time
of 20 s and plotted against the respective shear rate to obtain the flow curve, as shown in Figure
32. To obtain the apparent yield stress, a linear Bingham (BG) regression (equation (2.9), p. 22)
is made between 90 s and 20 s*. The yield stress is obtained as the y-intersection.
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Figure 32: Exemplary flow curve for cement paste of w/c = 0.35. This flow curve was obtained for the optimized
procedure (see chapter 3.2, p. 51), but is representative for all flow curves discussed in this work. A Bingham
regression is applied to the shear rate range of 90 s™ to 20 s. The yield stress is obtained as the intersection of the
Bingham-Fit with the y-axis.

For the comparison of the different geometries, a spread-flow test was performed as a reference
using a Vicat cone (r1=35mm, r; =40 mm, h=40mm, V =177 mL) on a dry glass plate
surface, staying close to DIN EN 1015-3 [100]. The resulting spread-flow diameter was con-
verted to a yield stress o s Value by using the following relation [107, 108]:

225.p.g.V2

90.SF = 12872 - RS 31)

With the paste density p = 2 kg m™®, the gravitational constant g = 9.81 m s, the cone volume
V =177 mL, and the spread flow radius R. The obtained reference yield stress of o, gz = 42 Pa
is in agreement with the reference study [101]. A tolerance of + 10 Pa, equivalent to a 25 %
deviation, is defined as the range within which an obtained yield stress is considered as to meet
the expected value.
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Figure 33: Comparison between yield stress g, obtained with different geometries for cement paste of w/c = 0.4,
referenced to the yield stress obtained by spread-flow tests o, 5. The reference o, s Was calculated from the spread
diameter using equation (3.1). The stress response of cement pastes is in the non-linear regime during steady shear,
consequently differences emerge in the yield stress for different PP diameters. For deformations in the linear regime,
the stress response would be independent of the PP diameter.

Figure 33 displays the yield stress o, which was obtained with the different geometries. The
reference o, s calculated from the spread flow values is incorporated as a horizontal line. With
the smooth PP geometry, no yield stress could be measured for the cement paste, which is not in
agreement with the observed material behavior. This yield stress value of g, ~0 Pa is most
likely caused by the formation of a thin water layer at the surface of the cement paste, which
potentially results in wall slip [21, 144]. In suspensions, there is a natural depletion of particle
concentration close to the geometry-sample interface, since the suspended particles cannot be
centered at a distance shorter than their characteristic length. Consequently, the mean concentra-
tion of particles is decreasing with decreasing distance to the sample-geometry interface, which
leads to the formation of a thin water layer at the surface of the paste [92, 144]. Therefore,
smooth geometries in general, and in this study specifically the smooth PP geometry, are not
suitable to characterize cement pastes. For the 25 mm PP with sandpaper, the Bingham regres-
sion results in a yield stress, which is approximately 50 % smaller than oy sz, while the 50 mm
PP with sandpaper provides a reasonable g, close to the reference value. For deformations in
the linear regime, the stress response would be expected to be independent of the PP diameter.
However, the stress response of cement pastes is in the non-linear regime during steady shear,
consequently differences emerge in the yield stress for different PP diameters. It is assumed that
the bigger diameter of the 50 mm PP increases the sheared volume and thus represents the bulk
yield stress more properly. The helix provides a g, value, which underestimates the spread-flow
reference by about 32 %. Moreover, the shear rate is not well defined with the helix geometry
since no narrow gap exists. Therefore, homogeneous shear conditions throughout the entire
sample are not given. For this reason, geometries such as the helix or other spindle type geome-
tries are producing more incalculable edge effects, and therefore, more turbulent flow conditions
showing vortices, than laminar flow conditions [76]. The PP opposes a defined, laminar shear
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field on the sample. For this reason, and more importantly the determination of a yield stress
close to the reference value, the 50 mm PP geometry with SP was identified as the most suitable
geometry for yield stress measurements of cement pastes in this study.

The vane geometry is one of the most widely used geometries in the characterization of cement
pastes [103, 148]. Its suitability was tested in a later, separate study conducted within the master
thesis of Klaus Beier [149]. In this study, the geometry comparison was conducted using a
cement paste of w/c = 0.35 containing 0.03 wt.% of the commercial PCE superplasticizer BASF
VP14.1 added via delayed addition [149] (for characterization of BASF VP14.1 see chapter
‘Materials’ in Sl, p. 151). The rheological procedure was the same as for the other measure-
ments described in this chapter. The yield stress obtained with the vane geometry is compared
to the reference 50 mm PP (SP) in Table 2.

Table 2: Comparison of the results for the yield stress oo Of cement paste containing 0.03 wt.% BASF 14.1 obtained
with the vane and the 50 mm PP (SP) geometry, reproduced from [149].

Vane 50 mm PP (SP)
Yield stress 6o | 36.0+ 1.8 Pa| 97.8 £15.4 Pa

The determination of the yield stress using the vane geometry results in a value that is about a
factor three reduced relative to the value obtained with the PP geometry. In combination with
the observed deposition of sample at the cup walls after the measurement (see Figure 34), it is
presumed that shear band formation occurs. Under simple shear conditions some complex fluids
can separate into bands of a different viscosities, the so called shear bands [150]. For cement
paste in a concentric cylinder, the formation of shear bands has been observed via x-ray tomog-
raphy [151]. For cement paste of w/c = 0.41 (¢ = 0.44) at the shear rate of 0.01 s, the shear was
concentrated in a single, small band of a few pm in close vicinity to the inner cylinder [151]. In
this region, the particle content is visibly reduced [151]. Due to the underestimation of the yield
stress as well as the high probability of shear band formation, the PP geometry was preferred
over the vane.

Figure 34: Cement sample after a flow curve was recorded. The grey cross indicates the position of the vane during
measurement. The material sticking to the side and the hole at the vane position indicates shear band formation and
plug flow. Reproduced from [149].
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In summary, there is no single geometry which is suitable for all types of cement pastes and
rheological experiments [76, 89]. In the rotational experiments conducted here, shear band
formation led to an underestimation of the yield stress for the vane and the helix geometry. This
type of flow instability is expected to be reduced in oscillatory shear, particularly in SAQOS
experiments. Since these cup systems are less prone to drying, the helix and the vane are well
suited for long-term, oscillatory measurements like investigations on the structural build-up. For
yield stress measurements however, the 50 mm PP with sandpaper resulted in a yield stress
value of 46 =7 Pa, matching the reference spread-flow result of 42 Pa the closest while main-
taining laminar flow conditions. Therefore, this geometry was used in all further experiments in
this work. However, since it is known to be prone to drying, especially in the region of high
shear rates at the outer rim [89], all experiments were designed with a duration of maximum
five minutes. It should be noted, that in PP geometries flow instabilities and shear band for-
mation can occur as well [76, 103].

3.2  Optimization of the Measurement Procedure

While the yield stress values obtained for the 50 mm PP with sandpaper were close to the refer-
ence oo, sr, the yield stress results lacked reproducibility. This is represented by the comparative-
ly large standard deviation in Figure 33 (p. 49). To improve the reproducibility of the flow
measurements, a procedure for the sample preparation was developed based on [101]. For this
purpose, cement paste of w/c =0.35 was prepared and a number of different measurement
parameters were systematically varied. For each set of parameters, three flow curves with fresh-
ly prepared samples were recorded and the flow curve shape was compared. The resulting
optimized procedure is shown in Table 3. With this procedure, both the stress-shear rate curve
as well as the resulting yield stress could be measured reproducibly at separate measurement
days, as shown Figure 35. Before the optimization, the shape of the stress-shear rate curve
changed in between measurement runs, indicating poor reproducibility. After optimization, the
curve shape curve was observed to be similar in all measurements over several measurement
days, indicating a good reproducibility.

Table 3: Optimized Procedure for the preparation of cement paste for rheological characterization.

0:00 - 0:15 min Addition of water to cement powder at 200 rpm
0:15 - 0:30 min Continue at 200rpm
0:30 — 1:00 min Pause
1:00 — 3:00 min Mixing at 550rpm
3:00 - 12:00 min Pause
12:30 — 13:30 min Homogenization at 550rpm
13:30 - 15:00 min Sample Loading
15:00 min Start of measurement

The following parameters were considered and varied in the optimization procedure:
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Slippage of Sample: As already described in the previous subchapter, roughened geometry
surfaces should be used for cement pastes to reduce slippage. Therefore, sandpaper (for wet-
sanding) was attached to the PP surface with a cyanoacrylate glue (superglue) to introduce
surface roughness. In the process of procedure optimization, two different sandpapers were
tested, one with 600 grit and one with 120 grit. No significant influence on the measured stress
or the reproducibility could be observed for the two tested sandpaper grits. For all experiments
in this work, the 600 grit SP was used.

Sample Age: Literature reports that the yield stress evolves rapidly in the first minutes after the
initial water-to-cement contact, and that this evolution slows down after 10 - 15 min [103]. This
can be explained by the cement reaction (see chapter 2.2.2, p.15). In the first minutes after
water-to-cement contact, the cement particles start to dissolve. Dissolution heat is released and
the first hydrates start to nucleate [8, 152]. This initial dissolution is governed by many different
factors, e.g. temperature and the available surface. These factors can vary in between measure-
ments, which leads to variations in the early stage yield stresses during reaction times shorter
than 10 min. Approximately 10 to 15 min after initial water-to-cement-contact, an equilibrium is
reached which creates more stable conditions, thus increasing the reproducibility. In this study,
the used sample ages was changed from 3 min as used in the previous studies [21, 146] to
15 min to increase the reproducibility of the yield stress.

Pre-shear: To achieve high reproducibility in measurements of concentrated suspensions, the
state of the sample before the measurement has to be reproducible. Varying numbers and sizes
of particle agglomerations change the rheological behavior in the measurement. Therefore, the
sample has to be treated to destroy agglomerates prior to the measurement. This is usually
achieved by a pre-shear prior to the rheometer. In previous studies conducted in this working
group, the sample was mixed by hand with a spatula [21, 146]. However, the force applied to
the sample during hand-mixing is not sufficient to destroy agglomerates. In this study, we found
that the use of an IKA stirrer with 550 rpm for 2 min to be sufficient, especially for rather liquid
pastes containing dispersing agents. An IKA stirrer is a mechanical overhead stirrer commonly
used in laboratories for mixing high-viscosity materials and is shown in Figure 83 (Sl, p 155).
The use of an IKA stirrer and an applied mixing rate of 550 rpm for 2 min is in agreement with
other cement paste preparations in literature [151, 153]. In addition, a pre-shear in the rheometer
was used to homogenize the sample and to erase the shear history imposed through sample
loading. Initially, the highest shear rate was applied for 20 s. The raw data showed that no
steady state could be reached, as shown in Figure 86 (Sl, p.164). Consequently, the pre-shear at
100 s was prolonged to 60 s, which was sufficient to reach a steady state for the samples
investigated.

Temperature: A key to reproducibility is to control the temperature. To keep the cement Kinet-
ics similar in separate experiments, the temperature has to be constant. Two temperatures have
to be considered here. The room temperature has to be set to a constant value. In this study, it
was adjusted to 22 + 1 °C. The second important temperature is the temperature which the paste
experiences. This can be adjusted by controlling the temperature of the mixing water. Although
this factor is often either not specified or overlooked in rheological studies, maintaining precise
temperature control is critical. Elevated temperatures (T > 30 °C) produce a markedly more stiff
material that is challenging to characterize reliably [154]. Lower water temperatures (T < 15 °C)
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slow down the reaction and lead to a lower viscosity macroscopically [154], and enhances the
reproducibility of the rheological measurements. Accordingly, to prevent excessive stiffening
and to moderate the hydration rate while improving measurement reproducibility, a mixing
water temperature of T =10+ 1 °C was employed. This temperature deviates from the room
temperature conditions (T = 22 — 25 °C) applied in the previous studies conducted in this work-
ing group [21, 146]. To ensure that the temperature evolution is similar for separate sample
preparations, the temperature of the paste was taken prior to sample loading and the sample was
discarded if the temperature was outside of a range of T =22 + 1 °C. Ideally, the humidity in the
laboratory should be controlled to a constant value in addition to the room temperature control if
the necessary infrastructure is available.

Sample Size: Sample batch size also has an influence on the reproducibility of measurements. It
was observed that a larger batch size improved the reproducibility of measurements drastically.
A larger sample size lowers the S/V-ratio of the sample and therefore makes the sample temper-
ature more dependent on the mixing water than room temperature fluctuations or slight tempera-
ture increases due to holding the container. As the aim was to study self-synthesized superplas-
ticizers which are only available in small quantities, a compromise between an adequately large
sample size for temperature stability and small sample size for minimal superplasticizer demand
had to be found. Therefore, in most presented experiments, a sample batch size of 100 g dry
cement was used in contrast used to the 10 — 20 g used in the previous studies [21, 146].

Other factors influencing the early hydration reaction kinetics: In this study, only cement of
the type CEMI 42.5R was used. Therefore, other factors influencing the cement reactivity such
as the particle size distribution were not considered.
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Figure 35: Both figures display flow curves obtained for cement paste of w/c = 0.35. The pre-shear at 100 s** was
applied for 60 s; all other shear rate steps were applied for 20 s. The stress measured at each shear rate step was
averaged over the complete duration. The stress value corresponds to the averaged stress measured at each shear
rate step, the error bar corresponds to the respective standard deviation during one run. Left: flow curve data
obtained in three subsequent runs on the same measurement day. The stress curves and therefore the obtainable yield
stress are not reproducible. Right: Flow curve data obtained on separate runs on three different measurement days.
Both the stress-shear rate relation and the obtained yield stress are reproducible.
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3.3 Validation of the Optimized Measurement
Procedure

The procedure developed in chapter 3.2 was initially validated only by assessing the reproduci-
bility of the recorded flow curves. Although reproducibility is a fundamental requirement when
establishing a measurement procedure, it should not serve as the only validation criterion. For
instance, the vane geometry underestimated the yield stress value (see Table 2, p. 50) highly
reproducibly with a standard deviation o of only ¢ = 1.77 Pa across three measurements. This
example shows that shear band formation and other shear flow instabilities can also produce
highly reproducible results, and therefore reproducibility alone does not guarantee physical
correctness. Consequently, three additional criteria were used to validate the data obtained using
the optimized procedure.

First criterion: flow curve shape for blank cement paste. The obtained stress-strain curve
should resemble other flow curves obtained for cement paste. At medium to high shear rates
(y =20 s%), the stress correlates linearly on the shear rate. At low shear rates y < 20 s, shear-
thinning behavior with decreasing shear-rates is observed. This deviation from the linear rela-
tion is usually understood as elastic behavior caused by particle-particle interactions [110]. Wall
slip might also contribute to the observed behavior [103]. This shape of the flow curve has been
observed in several studies on the flow behavior of cement [101, 110] and could be reproduced
with the optimized procedure, as shown in Figure 36.
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Figure 36: Exemplary flow curve data averaged for 10 measurements with a Bingham Regression. This data was
obtained after full optimization of the measurement procedure for a cement paste of w/c = 0.35. The flow curve
shows shear-thinning at low shear rates y < 20 s as typical for cement pastes.

Second criterion: spread flow trends correspond to yield stress trends. The yield stress is
extremely dependent on both the experimental procedure as well as the used data evaluation.
Therefore, absolute values can be difficult to be reproduced or to be compared between studies
[92]. However, relative yield stress trends obtained via rotational rheometry should qualitatively
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reflect the trends observed by spread flow tests [107]. To correlate the obtained yield stress with
spread flow tests, cement pastes with three different water-to-cement ratios were prepared. The
chosen ratios were w/c =0.35, w/c = 0.4 and w/c = 0.45. The vyield stress values were deter-
mined via flow curves and the same samples were also characterized using spread flow tests.
The results are displayed in Figure 37.
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Figure 37: Left: Averaged flow curves of cement samples with w/c = 0.35, w/c = 0.4 and w/c = 0.45 averaged for
three individually prepared sample per w/c-ratio. The Bingham-Fit was used for the yield stress evaluation. The
obtained yield stress values are given in the graph. Right: Spread flow diameters for w/c = 0.35, w/c = 0.4 and

w/c = 0.45 obtained for the same samples as used in rotational rheometry. The values are averaged for three individ-
ually prepared sample batches per w/c-ratio.

With increasing w/c-ratio and therefore increasing water content, the flowability of the paste is
increased. This is confirmed both by the decreasing yield stress in the rotational rheometry
experiments as well as the increasing diameter obtained by the spread flow experiments. Ac-
cording to the prominent works of Murata and Roussel [107, 108], the relation between the
yield stress and the spread flow can be expressed as stated in equation (3.1) (p. 48). Therefore,
to validate the obtained data, the yield stress was plotted against the spread flow values and a
function of the form y = A - x® was added to the graph. As Figure 38 shows, the obtained data
correlates well with the expected x® - dependency. This validates the obtained yield stress data
and confirms the representability of the obtained trends.
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Figure 38: Correlation of obtained yield stress and spread flow for three samples of varied w/c-ratio. The pink line
corresponds to A x5-correlation following equation (3.1) (p. 48).

Third criterion: Suitability for superplasticizer (SP) characterization. Superplasticizers (see
chapter 2.4, p. 29) increase the flowability and thereby decrease the yield stress, depending on
their molecular structure and the dosage [8]. In the rheological characterization of these effects,
it can be challenging or impossible to measure the yield stress values with the same experi-
mental procedure over the wide range of dosage-dependent flowability of the material [96, 130].
A suitable measurement procedure for superplasticizer should a) represent the macroscopically
observed material behavior and b) work over the total range of superplasticizer dosage.
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Figure 39: Example for a yield stress — PCE dosage curve that does not fulfill the third criterion as it does not reflect
the material behavior, which was observed with increasing PCE dosage. This data was obtained with grooved
concentric cylinders (picture given in the Appendix, p. 163) and therefore departs from the optimized procedure. The
increasing PCE dosage increased the flowability of the cement paste and thus should have given decreasing yield
stress values. The arrow is a guide to the eye which highlights that the inverse trend was observed. The PCE sample
was synthesized via RAFT polymerization. The yield stress value at 0.001 wt.% corresponds to the yield stress of
blank cement paste.
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Figure 39 shows a yield stress — concentration curve which does not fulfill these requirements.
This data was obtained with grooved concentric cylinders (picture given in the Appendix,
p. 163) and therefore departs from the optimized procedure. It is observed that with an increas-
ing superplasticizer dosage, the measured yield stress increases which is contradictory to the
observed increase in flowability during sample preparation. This can be explained by the choice
of the measurement system. The grooved concentric are prone to plug flow and shear band
formation [151]. It is assumed that the stiff paste was pressed to the walls during the pre-shear
and was too stiff to flow back towards the center of the cup. Consequently, the shear was con-
centrated in a small shear band of reduced solid content. With addition of the superplasticizer,
the fluidity of the paste is increased. Consequently, the material is less stiff and the size of the
sheared areas are increased. As larger parts of the sample are opposed to shear, the measured
stress increases although the macroscopic material seems to flow more easily.
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Figure 40: Yield stress in dependency of superplasticizer BASF VP14.1 dosage, which fulfills the third criterion. The
data displays the typical S-curve shape [8]. At low concentrations, no yield stress reduction can be observed. When a
critical concentration is reached (here ~ 0.02 wt.%), the yield stress depends directly on the superplasticizer dosage.
Above the saturation dosage (here ~ 0.3 wt.%), the yield stress cannot be decreased further with adding more
superplasticizer.

The flow curve data obtained with the optimized procedure involving the 50 mm PP (SP) is
shown in Figure 40. The yield stress-concentration curve of BASF VP 14.1 displays the typical
S-curve shape expected for PCE superplasticizers [8, 127]. At low concentrations, no yield
stress reduction can be observed. When a critical concentration is reached (here ~ 0.02 wt.%),
the yield stress depends directly on the superplasticizer dosage. Above the saturation dosage
(here ~ 0.3 wt.%), the yield stress cannot be decreased further with adding more superplasticiz-
er. Therefore, this data proves that the optimized procedure presented in chapter 3.2 (p. 51)
fulfils the requirements of the third criterion as it a) represents the macroscopically observed
material behavior and b) works over the total range of superplasticizer dosage.
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3.4 Conclusions

In this chapter 3, a rheological procedure was developed to ensure the reproducibility and relia-
bility of the results obtained via rotational rheometry. For this purpose, a geometry was selected.
Subsequently, a procedure for the sample procedure was optimized. The obtained results were
validated via comparison to values obtained via spread flow tests. Five different geometries
were selected and compared a 25 mm Plate-Plate (PP) geometry with smooth surfaces, a 25 mm
PP geometry with sandpaper glued to the surface, a 50 mm PP geometry also with sandpaper, a
helix-cup and a vane-cup geometry. Among the five tested systems, the 50 mm plate-plate (PP)
geometry with a 600-grit sandpaper glued to the surface delivered a yield stress value of
g = 46 +7 Pa, which was closest to the reference spread-flow reference of o, 5 =42 Pa while
maintaining laminar shear conditions. In the optimization of the preparation procedure in chap-
ter 3.2 (p. 51), many parameters were considered. The final procedure was obtained by extend-
ing the sample age from 3 min to 15 min, using an IKA stirrer to homogenize the sample prior
to the measurement instead of hand mixing, applying a pre-shear of 100s™' for 60 s instead of
20 s and reducing the water temperature to 10+ 1 °C from the initially used 22 — 25 °C. More-
over, the room temperature was set to a constant value of 22+ 1 °C and the sample batch size
was increased from 10 — 20 g to 100 g of dry cement per measurement. The validity of the yield
stress results obtained with this optimized procedure was checked in 3.3 (p. 54). The optimized
procedure was able to reproduce the characteristic cement-paste flow curve. Moreover, the
inverse-fifth-power correlation between yield stress and spread-flow diameter [107, 108] could
be confirmed for a series of different w/c-ratios. In addition, the expected S-curve with increas-
ing superplasticizer dosage was successfully captured. In summary, it can be concluded that the
optimized rheological protocol using a 50 mm plate-plate geometry with sandpaper provides
reproducible, accurate yield-stress measurements for cement paste and is suitable for investiga-
tions on the influence of superplasticizers and their structure-property relationship on the yield
stress of cement pastes.
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4 PCMOxa - an Approach Toward a
PCE Model System with an
Alternative Sidechain

The use of polycarboxylate ether (PCE) as superplasticizers (SP) has increased significantly in
recent decades to an annual production of 15 million tons [122], primarily due to their high
dispersing efficiency [8, 9]. The working mechanism of PCEs relies on their comb copolymer
architecture. The charged backbone (BB) allows the combs to adsorb to the surfaces of cement
particles while the non-adsorbing sidechains (SC) create steric hindrance between cement
particles, which macroscopically reduces the yield stress o, and therefore enhances the macro-
scopic workability (see chapter 2.4, p. 29) [8]. In conventional PCEs, the backbone is made
from a polycarboxylate, usually poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA)
where the carboxylic acid functions bear negative charges in the strongly basic environment of
cement pastes with a pH of 12 - 14. Poly(ethylene oxide) (PEO) is conventionally used for the
uncharged, non-adsorbing sidechains [8].

The functionality of these PCE structures can be tuned in many ways. Investigated modifica-
tions involve exchanging the ionic moieties in the backbone from CO; to e.g. SOz, POs* or
silanol groups [155, 156], variation of the reactive group on PEO macromonomers to e.g. vinyl-
terminated (VPEG) or isoprenyl-terminated PEO (IPEG) [56] or changing the topology from a
comb to other polymer architectures such as stars [157]. However, even in conventional PCE
structures simply made from a polyacid and PEO sidechains, the macroscopic properties can be
tuned on the microscopic scale by adjusting the structural parameters namely the number of
backbone monomers per repeating unit N, the SC degree of polymerization P, and number of
repeating units n (compare Figure 42) [9, 10]. The BB degree of polymerization B corresponds
to the product of N:n. The aim to tailor macroscopic properties such as the yield stress and the
retardation by adjusting the molecular structure has provided different theoretical and semi-
empirical relations between P, N and n and their functionality, e.g. their adsorption properties
[9, 10]. These structure property relations are derived from general solution theory and should
be applicable to all comb polymers in solution independent of their chemical composition.

To date to the best of our knowledge, no systematic study has been reported on comb polymers
that replace the PEO sidechains with an alternative water soluble polymer, nor on how such a
substitution reshapes the structure-property relationships that governs cement paste rheology.
The number of suitable polymers and monomers for this exchange is limited. The sidechains
have to be water-soluble and uncharged, in order not to adsorb onto the cement grain surfaces.
For this reason, poly(2-methyl-2-oxazoline) (PMOxa) was chosen in this work as it is highly
water-soluble and uncharged under basic conditions [158]. Moreover, it can be synthesized via
cationic ring opening polymerization (CROP) which provides high control over the molecular
weight in combination with low dispersity (P < 1.2). Two different synthetic strategies towards
the comb polymers with PMOxa-sidechains were investigated: a grafting-onto synthesis, pre-
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4 PCMOxa — an Approach Toward a PCE Model System with an Alternative Sidechain

sented in the subchapter 4.1, and a grafting-through strategy, presented in the subchapter 4.2.
The grafting-through approach is also referred to as macromonomer route.
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4.1 Structure-Property Relationship of PCMOxa
investigated via Grafting-Onto Synthesis

The results presented in the following subchapter 4.1 are part of a publication [159]. In this
subchapter, the influence of the sidechain chemistry on the structure-property relationship is
investigated by (i) developing a grafting-onto synthetic strategy involving the living anionic
polymerization of a poly(tert-butylmethacrylate) (PtBMA) backbone precursor combined with
CROP of Moxa to obtain defined sidechains, thereby delivering a library of well-defined
PCMOxa comb polymers with narrow dispersity (b < 1.30) and precisely controlled molecular
parameters; (ii) validating the concept of PCMOxa superplasticizers and (iii) establishing struc-
ture-property relationships by investigating the influence of the structural parameters sidechain
length P, grafting density represented by N, and backbone length B on the yield stress of OPC
pastes.

4.1.1 Grafting-Onto Synthesis of PCMOxa combs
Synthesis of the PMAA Backbone

The synthesis of the PMAA backbone is a two-step process. In the first reaction step, a PtBMA
BB-precursor is synthesized via living anionic polymerization following an established proce-
dure [36, 160] as shown in Figure 1 A). The molecular weight and dispersity of the BB-
precursor were characterized by SEC in THF (see Sl, Figure 87, 165), since polyesters do not
exhibit a pH-dependent hydrodynamic radius like polyacids and therefore the SEC provides
more reliable results. Typically, the dispersity of PtBMA from anionic synthesis is B < 1.1 [36].
The backbone with B = 100 has a slightly higher dispersity with B = 1.25 due to the compara-
tively large batch size of 30 g tBMA. In the second reaction step, the PtBMA BB-precursor is
hydrolyzed with TFA in DCM to receive the PMAA BB. The NMR spectrum confirmed quanti-
tative hydrolysis (see Sl, Figure 88, p. 165). An alternative hydrolysis strategy involving reflux
in HCI in dioxane and subsequent neutralization with NaOH was also tested, following the
synthetic procedure published in [161]. However, the obtained PMAA natrium salt could not be
dissolved in the DMF necessary for the grafting-onto reaction step.

Synthesis of PMOxa SC and grafting to BB

The PMOxa SCs were synthesized via CROP of Methyl(2-oxazoline) (MOxa) in a procedure
adapted from literature [54, 162]. The PMOxa SCs are polymerized in ACN at 80 °C resulting
in a narrow dispersity D < 1.1 (compare Table 4). The living PMOxa cations are grafted onto
the deprotonated PMAA backbone, as shown in Figure 1 a). The anionic carboxylate units can
act as a nucleophile and attack the ring in the 2-position, terminating one SC by formation of an
ester group [54]. The successful grafting of the PMOxa SCs to the PMAA BB is indicated by a
shift of the main peak in SEC measurements (DMAc + 0.316 g L LiBr) to smaller elution
volumes, shown exemplary for one comb in Figure 41 B). Under the assumption that the refrac-
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4 PCMOxa — an Approach Toward a PCE Model System with an Alternative Sidechain

tive index increment dn/dc(PMOxa-comb) equals dn/dc(PMOxa-SC), the remaining SC peak is
integrated to obtain the amount of remaining sidechains and calculate the actual grafting densi-
ty. The area of the remaining SC peak is below 10 % for all samples, indicating a high grafting
efficiency of the reaction.
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Figure 41: A) Synthesis Scheme of Comb Polymerization. The upper line describes the BB synthesis. The bottom line
displays the SC synthesis as well as the grafting reaction. B) SEC curves of a PMOxa-25-SC (green) and the corre-
sponding comb PMOxa-100-13x25 (red). The hatched area in the comb SEC corresponds to the integrated area of
the unreacted sidechains.

Applying this synthesis strategy, a library of eight combs with a systematical variation of struc-
tural parameters was synthesized. This library is structured in three different series, as shown in
Table 4 and Figure 43 . In series 1), the grafting density is varied. The grafting density corre-
sponds to the number N of BB monomers per SC, which is varied between N = 5.5, N = 7.7 and
N =11. Series 1) is synthesized from three different BB polymerization degrees, B = 25, 100
and 300. In series 111), the BB length B is kept constant while the sidechain length is increased
from P =12.5 to P = 100. PCMOxa-100-18x25 is incorporated in all three series as a reference.
The comb parameters were chosen to cover typical parameter values for PCE [129].

The synthesized combs were characterized via SEC and *H-NMR. The obtained molecular
weights and dispersity are summarized in Table 4. In analogy to the PCE nomenclature, where
the E stands for ether (PEO), all poly(2-methyl-2-oxazoline)-g-poly(methacrylic acid) comb
polymers in this work are called PCMOxa. The samples are named e.g. PCMOxa-B-nxP indi-
cating n PMOxa sidechains of the degree of polymerization P are attached to a backbone with a
degree of polymerization B. The definitions of the parameters P, N and n are displayed in a
schematic repeating unit in Figure 42 A). Figure 42 B) shows an exemplary comb polymer with
the respective nomenclature.
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4.1 Structure-Property Relationship of PCMOxa investigated via Grafting-Onto Synthesis
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Figure 42: A) Schematic representation of one of the n average repeating structural units of the investigated comb
copolymers. This terminology is adapted from [10, 163]. Per repeating unit, one sidechain of the polymerization
degree P is attached in average to the N™ BB monomer. B) Schematic comb polymer to explain the used nomencla-
ture. In the sketched comb polymer, 3 sidechains of the polymerization degree P = 5 are attached to a BB of B = 12.
Therefore, the corresponding comb would be called PCMOxa-12-3x5.

Table 4: Structural parameters, molecular weights and dispersity of the synthesized comb library. In series 1), the
grafting density is varied by changing the number of BB monomers per SC from N = 5.5 to N = 11. Series 1) is
synthesized from three different BB polymerization degrees, B = 25, 100 and 300. In Series IlI), the BB length B is
kept constant, and the sidechain length is increased from P = 12.5 to P = 100. The comb PCMOxa-100-18x25 is
incorporated in all three series. The SEC data was obtained in DMAc with 0.316 g L™ LiBr with a PMMA calibration
for the combs and the SC. The N and n were calculated from integration of the remaining sidechain peak. The BB
molecular weight was calculated from the SEC in THF of the PtBMA BB precursor. The BB dispersity is equivalent
to the PtBMA BB precursor dispersity.

Comb BB sC
Name B P N n Mn MW b Mn b Mn b
[g molY]  [gmol?] [g mol?!] [g mol?!]

N
PCMOxa-100-18x25 | 100 25 55 18 47000 60000 1.26 | 8500 125 | 2300 1.09

PCMOxa-100-13x25 | 100 25 7.7 13 57000 57000 3.63 | 8500 125 | 2500 1.07
PCMOxa-100-9x25 100 25 11 9 40000 53000 134 | 8500 1.25| 3000 1.09

M)
PCMOxa-25-3x25 25 25 85 3 33000 49000 146 | 2300 1.09 | 2400 1.2

PCMOxa-100-18x25 | 100 25 55 18 47000 60000 1.26 | 8500 125 | 2300 1.09
PCMOxa-300-64x25 | 300 25 4.7 64 130000 150000 1.17 | 26000 1.07 | 2600 1.09

D)
PCMOxa-100-25x13 | 100 13 4 25 35000 54000 156 | 8500 1.25| 1000 1.11

PCMOxa-100-18x25 | 100 25 55 18 47000 60000 1.26 | 8500 1.25| 2300 1.09
PCMOxa-100-16x50 | 100 50 6.3 16 87000 99000 1.14 | 8500 1.25| 5300 1.07
PCMOxa-100-15x100 | 100 100 6.6 15 150000 110000 1.23 | 8500 1.25| 9600 1.21
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Figure 43: Qualitative overview on synthesized PCMOxa library. In series 1), the grafting density is varied by
changing the number of BB monomers per SC from N = 5.5 to N = 11. Series Il) is synthesized from three different
BB polymerization degrees, B = 25, 100 and 300. In Series I11), the BB length B is kept constant, and the sidechain
length is increased from P = 12.5 to P = 100. A quantitative overview on the structural parameters and molecular
weights is given in Table 4. The comb PCMOxa-100-18x25 is incorporated in all three series, but was only synthe-
sized once which is indicated by the arrows and the transparent colour.

4.1.2 Concept Validation for PCMOxa Superplasticizers

The effect of the synthesized PCMOxa combs on the initial fluidity of cement pastes was char-
acterized via rotational rheometry. Superplasticizers can be dosed via direct or delayed addition,
meaning they either get added directly to the mixing water or are added a few minutes after the
initial water to cement contact. Typical delay times are 2 — 10 min [137, 164]. In this study,
delayed addition was chosen, since it leads to a higher yield stress reduction and potentially
reduces polymer induced changes of the nucleation and growth of early forming hydrates like
ettringite [113, 164, 165]. A strain-controlled TA Instruments ARES G2 equipped with 50 mm
parallel plates with wet-sanding sandpaper (600 grit) glued to the surface are used to character-
ize the SP modified cement pastes. The rheological procedure was adapted from [101]. Steady
shear experiments were performed by applying shear rates starting from y =100s*to 0.1s1 A
Bingham regression (see eq. (1)) is applied to the flow curves in the shear rate range of 90 s to
20 s to obtain the yield stress ay,.

g=09+MN,"Y (4.1)
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4.1 Structure-Property Relationship of PCMOxa investigated via Grafting-Onto Synthesis

with the measured shear stress o, the plastic viscosity n,,, and the applied shear rate y. Exempla-
ry flow curves are shown for different concentrations of PCMOxa-100-8x25 in Figure 44. For
increasing comb concentration, both o, and 7, are decreased (see SI Table 28, p. 166). This

trend is typical for conventional PCEs [8].
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Figure 44: Exemplary flow curves for PCMOxa comb. The yield stress g, is obtained by assuming Bingham behavior
in the shear rate range of 20 s to 90 s,

The commercial PCE compound BASF VP14.1 was chosen as a reference material [166]. A
short characterization of BASF VP14.1 is given in the chapter ‘Materials’ (SI, p. 151). The aim
of the comparison to a commercial reference is to evaluate if the o, reduction observed for
PCMOxa-100-8x25 is in the same range as for commercial PCEs. Three flow curves for each
additive concentration were measured and the yield stress was arithmetically averaged and the
standard deviation was determined. The averaged o, and its standard deviation is shown as a
function of the polymer concentration ¢ in Figure 45 A). PCE typical S-curves could be ob-
served for both admixtures. At low concentrations, the addition of comb polymer does not
influence the macroscopic yield stress. Above a critical concentration, oy is reduced proportion-
ally to the concentration. At high concentrations, above the saturation dosage, g, cannot be
further reduced by the addition of polymer [8]. Figure 45 A) shows that the PMOxa-comb
PCMOxa-100-8x25 leads to a similar yield stress reduction at similar molar concentrations as
the conventional PCE BASF VP14.1.

In addition to the flow behavior, the adsorption behavior was characterized via dissolved organ-
ic carbon (DOC) measurements. DOC characterization quantifies the amount of organic carbon
present in aqueous samples after filtration [167]. The organic carbon content is determined by
complete oxidation, usually either catalytic high-temperature oxidation, chemical oxidation or
UV-persulfate oxidation [167]. Subsequently, the released CO, amount is determined quanti-
tively, typically via an IR detector [167]. The principle of total organic carbon (TOC) measure-
ment is the same, with the only exception that the sample is not filtered prior to characterization.
DOC and TOC measurements are standard tools in the characterization of superplasticizer
adsorption in cement pastes [132, 134, 168]. To investigate this adsorption behavior, a cement
sample (w/c = 1.2) containing the superplasticizer sample was prepared and thoroughly mixed
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(see SI, chapter 10.4.4, p. 159). Subsequently, the particles were removed from the mixture by
centrifugation and decantation. As the adsorbed portion of polymer is removed with the parti-
cles, the DOC content of the supernatant can be used to calculate the mass of adsorbed polymer
if the carbon content of the polymer is known. For a precise result, the inorganic carbon has to
be removed prior to DOC characterization. For this purpose, a strong acid like orthophosphoric
acid (HsPQ.) is added, leading to the decomposition of the carbonates to water and CO2, which
is removed via degassing prior to measurement [167].

The DOC data in Figure 45 B) confirms the adsorption of the PCMOxa-comb PCMOxa-100-
9x25 on the cement particles. Moreover, the adsorbed mass is in the same range as for the
reference BASF VP 14.1. Considering the observed o, reduction as well as the confirmed
adsorption of the PCMOxa-combs, we presume that the PCMOxa combs function via the same
working mechanism as conventional PCE by adsorption of the polycarboxylate BB and steric
hinderance created by the unadsorbed SC.
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Figure 45: a) Yield stress o, plotted against concentration ¢ for PCMOxa-100-9x25 in comparison to the commercial
PCE comb BASF VP14.1. b) Mass of adsorbed comb polymer as function of the initial dosage, both in mg per g of
dry cement. Both the g,,-reduction and the adsoprtion behavior of BASF VP 14.1 can be reproduced by PCMOxa-

100-9x25.

4.1.3 Structure-Property Relationship of PCMOxa Combs

The synthesized comb polymer library (compare Table 4) was used to investigate the structure-
property-relationship by correlation of the yield stress to the varied structural parameter, as
shown in Figure 46. For molecules of the same B, we roughly estimate that the number of
covered adsorption sites is the same for the same number of macromolecules Npoiymer. Further-
more, we assume that the available surface S is proportional to the mass of dry cement. Conse-
quently, we estimate the surface coverage 6 to be proportional to the polymer concentration c in
relation to the used mass of dry cement of 100 g, given in pmol (100 g)™.

Npozymer iven in pmol
s & 100g

0~ (4.2)
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4.1 Structure-Property Relationship of PCMOxa investigated via Grafting-Onto Synthesis

Under this assumption, the molecules were dosed at the same molar concentration [mol] per
100 g of dry cement [100 g CEM] to investigate the influence of grafting density captured by N
and SC length P. The more common dosage in weight percent per mass of dry cement (wt.%) is

given as well.
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Figure 46: Yield Stress o, plotted against A) number of BB monomers per sidechain N from series I) corresponding
to the grafting density of the comb, B) backbone degree of polymerization B from series 1), C) sidechain degree of
polymerization P from series I11) (compare Table 4). For samples added in umol (100 g)*%, the respective wt.%
concentration is added next to the data point. Further explanations to the chosen concentrations are given in the text.
The grey, horizontal line corresponds to the yield stress of blank cement paste g pian, = 194 Pa. D) Yield stress
difference Ao, per added superplasticizer mass msp, added displayed against P/N which is the ratio of SC length to
number of BB monomers per SC. This graph summarizes all measurement data presented in A) to C).

Ady M3P 4aqeq COrresponds to the dosing efficiency. The highest dosing efficiency is achieved for P/N = 2-5.

In Figure 46 A), o, decreases with increasing N. This observation is in agreement with previous
studies on PCEs [169, 170]. Microscopically, an increasing value of N leads to a lower SC
density per BB resulting in a less denser brush topology. Consequently, the sidechains are
expected to be less stretched and the average brush height should be decreased [10, 171]. Based
on this microscopic picture, the yield stress would be expected to increase with increasing N.
For polymer brush stabilized nanoparticles, both calculations and experiments suggest the
existence of an optimum at medium grafting densities [171-173]. At the optimum grafting
density, the brushes can interpenetrate and the steric repulsion between particles is maximized.
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For brushes with a higher density than the optimum (low N), the brushes cannot interpenetrate
and an attractive potential between the polymer covered particles leads to flocculation [171]. In
addition, high grafting densities decrease the number of free carboxylate units COO- per
sidechain and therefore reduce the adsorption ability of the comb [9]. Considering the DOC data
presented in Figure 45 B), we assume the densest comb of the series PCMOxa-100-18x25 is
adsorbed sufficiently. Therefore, the observed trend is presumed to be caused by the high graft-
ing density preventing comb interpenetration. Based on our data, we assume an optimum graft-
ing density at N > 11 for PMOxa-chains of P = 25. Gadt et al. report the highest dosage effi-
ciency for P/IN=6-12 for conventional PCEs [129]. For P =25, this corresponds to an
optimum at N = 2-4, which is much lower than the here obtained N > 11. This difference in the
P/N-optimum between PMOxa and PCE is a result of the higher steric demand of PMOxa in
water compared to PEO of the same length, as concluded from the larger hydrodynamic radius
of PMOxa compared to PEG at the same degree of polymerization [44]. For series Il varying the
backbone length B, two different additive concentrations were tested as shown in Figure 46 B).
For a molar concentration of 1.0 umol (100g)*?, only PCMOxa-300-64x25 reduces the yield
stress. Since this comb is significantly larger than the two other tested combs, it can cover more
surface area with the same number of molecules resulting in a more efficient g, reduction.
Therefore, in addition, this series was investigated with the same mass concentration of
0.1 wt.%. For the mass concentration, the trend is inverted. The yield stress increases with
increasing B. For conventional PCE, a similar trend has been reported by Yamada et al. [128]
while several other studies have observed an increased fluidity for higher B values [125, 132,
174]. Based on adsorption theory, combs of high B should display an increased adsorption
ability [132] and therefore lead to a bigger yield stress reduction. However, in our study, we
observe the opposite trend for co(B). This could be explained by the higher N and thus higher
charge density of PCMOxa-25-3x25 in comparison to the other two tested combs as B = N-n
(Figure 42). We assume that N has a much higher influence on the adsorption ability as the
backbone length and therefore N is a bigger factor in yield stress reduction than the backbone
length B. For the influence of sidechain length P, many studies on conventional PCE combs
suggest that the yield stress reduction per mass of adsorbed polymer is more pronounced for
combs with longer sidechains [128, 175]. Microscopically, this can be explained by an in-
creased brush height h for increased P [10]. Consequently, the yield stress reduction is expected
to be more pronounced. However, in our study no clear trend of the o, dependency on P was
obtained, as displayed in Figure 46 C). All investigated combs reduce the yield stress at a dos-
age of 4.3 umol (100 g)*. PCMOxa-100-16x50 and PCMOxa-100-25x13 reduce o, significant-
ly by 4o, ~ 100 Pa, while the ay-reduction of PCMOxa-100-15x100 and PCMOxa-100-18x25
is smaller with Ag, ~ 50 Pa. We assume that the chosen grafting ratios (4 < N < 6.6) form dense
brushes in which the negative charges along the backbone are shielded by the sidechains and
therefore do not adsorb well to the cement particle surface. A lower grafting density is suspected
to yield more effective plasticizers.

Combining the results of the three individual series, we can conclude that there is an optimum
comb structure at intermediate P and N values and that the different structural parameters influ-
ence each other. Combs with longer sidechains need more space between the chains to be effec-
tive, so a higher value of P should be accompanied by a higher N to achieve the same yield
stress reduction. Empirically, it was also found that the yield stress correlates well with P/N
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[129, 132]. Therefore, a simplified view on the question of optimum parameters is given by
Figure 46 D). The yield stress reduction Aco per mass of dosed PCMOXxa Msp, agded 1S COrrelated
to P/N. For small P/N, the highest dosing efficiency Aoy mgp 4qqeq Can be achieved. The
PCMOXa comb design for a maximum in Aoy mgp qqqeq iS assumed to be in the range of
2 <PIN <5, however no definite maximum can be determined from the here presented data
without further synthesis and measurements. Gadt et al. report the highest dosing efficiency for
conventional PCEs at P/N =6 - 12 [129], which is substantially higher than the here obtained
P/N range for maximum Aoy mgp qqqeq- The difference in the Aoy mgp qq4eq range between
PCE and PCMOxa shows that the PCMOxa combs need shorter sidechains or a lower sidechain
density than commercial PCEs to achieve their maximum efficiency. This is reasonable since
PMOxa has a persistence length of 1, =1.7 nm and is therefore significantly stiffer than PEO
with I, =0.38 nm [24, 176, 177]. Additionally, PMOxa also exhibits a higher hydrodynamic
volume as PEO for the same degree of polymerization [44]. Therefore, we assume that
PCMOxa combs of the same P create a higher brush height h than a corresponding PCE, result-
ing in a lower P/N optimum. Within the uncertainty of the experiment, we find no difference in
the efficiency of yield stress reduction for the change in sidechain chemistry between these two
types of combs. The presented synthesis would allow to fine tune the molecular properties and
would allow a rather simple and more detailed optimization.
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4.2  Alternative Synthesis for PCMOxa Combs via
Grafting-Through Procedure

The grafting-onto procedure presented in the previous chapter is an elaborate synthetic strategy
which is especially useful to obtain highly defined model systems. However, the number of
synthetic steps, monomer purities and inert gas atmosphere complicates the potential upscaling
of the grafting-onto synthesis route and thus limits its potential future applications. Therefore, a
second synthetic strategy based on a grafting-through approach was tested to obtain PCMOxa
combs, as displayed in Figure 47. This grafting-through procedure, also referred to as the mac-
romonomer route, is a two-step synthesis. The first step is the synthesis of a poly(2-methyl-2-
oxazoline) methacrylate (PMOxa — MA) macromonomer via cationic polymerization and end-
capping with methacrylic acid. In the second reaction step, the macromonomer is copolymerized
with methacrylic acid (MAA) in a free radical polymerization. The macromonomer route is
analogue to the commercial synthesis of PCE [8].
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Figure 47: Reaction scheme of the macromonomer route. The first reaction step is the CROP of 2-methyl oxazoline
(MOxa). The cationic PMOxa-chains are end-capped with deprotonated methacrylic acid (MAA) to obtain PMOxa-
MA macromonomers. The statistic PCMOxa-combs are synthesized via copolymerization of the PMOxa-MA macro-
monomer and MAA in a free radical polymerization in the presence of the chain transfer agent 3-mercapto propionic
acid (3-MPA).

The macromonomer route has the advantage that one macromonomer batch can be stored and
then used for the synthesis of several combs within several weeks. In the previously presented
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grafting-onto approach, the sidechains are usually synthesized directly before the grafting
procedure individually for every comb. Thus, although the same sidechain length was intended,
the molecular weights of the sidechains can differ by 10 %. However, it should be noted that
this deviation is within the uncertainty of the molecular weight determination by SEC.

4.2.1 Synthesis of PMOxa Macromonomer

The macromonomer synthesis was adapted from literature [53, 162]. Methyl trifluoro-
methanesulfonate (methyl triflate, MeOTf) was chosen as an initiator for the ring opening
polymerization to ensure a cationic polymerization (see chapter 2.1.1, p. 9). The PMOxa SCs
are polymerized in ACN at 80 °C. The reaction is terminated by end-capping of the living
cationic PMOxa chains with MAA deprotonated with the non-nucleophilic base triethyl amine
(NETSj3) dissolved in ACN, as displayed in Figure 48.

MeOTf \/\0) MAA. NEt
< ; WY —— \[N/\PYJ\
\< ACN248: C, )\ P-1 AC";,GLO C, OJ\ P o

MOxa PMOxa PMOxa-MA

Figure 48: Reaction scheme of PMOxa-MA macromonomer synthesis. 2-methyl oxazoline is polymerized in a living
cationic ring opening polymerization (CROP) initiated with methyl trifluoromethanesulfonate (methyl triflate,
MeOTf) in acetonitrile (ACN). The reaction is terminated with an end-capping of the living cationic PMOxa with
deprotonated methacrylic acid. The synthesis was adapted from [53, 162].

The successful end-capping is confirmed by *H-NMR, as displayed in Figure 49. The excess of
base, methacrylic acid and the methy!l triflate was removed during the purification of the crude
product by several extraction steps with chloroform. Precipitation in ice-cold diethyl ether
yielded the pure PMOxa - macromonomers. The integration of the protons of the main chain
(labeled d in Figure 49) yields a degree of polymerization of approximately 22, corresponding
to a molecular weight of approximately M, =2 000 g/mol.
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Figure 49: 'H-NMR spectrum (400 MHz, 16 scans, CDCls) of PMOxa-MA macromonomer.

Two macromonomers of different molecular weights were synthesized via the route presented in
Figure 48. The obtained PMOxa-MA products were characterized via *H-NMR and SEC. The
molecular weights and dispersity are summarized in Table 5. The *H-NMR gives the actual
degree of polymerization by the ratio of the integral I, to I and thereby confirms that the intend-
ed degree of polymerization was achieved. The samples are labelled as PMOxa-MA-P, with P,
obtained from the *H-NMR. A PS and a PMMA SEC calibration were used to characterize the
synthesized macromonomers. Both SEC calibrations overestimate the molecular weight of the
macromonomers compared to the value obtained from *H-NMR analysis. The molecular
weights obtained with the PMMA calibration deviate 15 % for PMOxa-MA-12 and 44 % for
PMOxa-MA-24 from the results of *H-NMR. The deviations are increased for the PS calibration
with 60 % for PMOxa-MA-12 and 83 % for PMOxa-MA-24. Since the results obtained via the
PMMA calibration are closer to the actual molecular weight, the PMMA calibration was used
for the characterization of all PMOxa-containing samples.

Table 5: Overview on molecular weights and dispersity of the synthesized PMOxa-MA macromonomers.

Miheo SEC, SEC, NMR
(synthesis) PS calibration PMMA calibration
Mn Mn Mn Mn
Name [g mol_l] Pn [g mol_l] Pn PDI [g mol_l] Pn PDI Pn [g mo|_1]

PMOxa-MA-12 | 1000 12 | 1600 19 1.08| 1150 14 111 12 1000

PMOxa-MA-22 | 2000 24 | 3300 39 1.07| 2600 31 110 22 1900

75



4 PCMOxa — an Approach Toward a PCE Model System with an Alternative Sidechain

422 Comb Synthesis by Copolymerization of PMOxa
Macromonomer and Methacrylic Acid

The comb synthesis was adapted from a typical PCE synthesis [148] and is displayed in Figure
50. The comb synthesis was exemplary performed for PMOxa-MA-21. The macromonomer was
copolymerized with 2.5 equivalents of methacrylic acid. In commercial PCE, acrylic acid is
often chosen as the comonomer due to its low cost. However, acrylate-type monomers can
undergo backbiting reactions which produce mid-chain radicals [34, 178] and would conse-
quently result in combs with branched backbones. Therefore, methacrylic acid was chosen as
comonomer in this work since it does not undergo the backbiting reaction [34]. Moreover, the
use of methacrylic acid facilitates the comparison between the combs synthesized via the graft-
ing-onto (chapter 4.1, p. 63) and the grafting-trough approaches as the resulting comb polymers
are chemically identical.

In the grafting through synthesis, the redox initiation system of tert-butyl hydroperoxide
(TBHP) and sodium formaldehyde sulfoxylate (SFS) enables the reaction to be conducted at
room temperature. The chain-transfer agent 3-mercapto propionic acid (3-MPA) is added to
lower the molecular weight of the obtained combs [34]. Since only one PCMOxa-comb was
synthesized via free radical copolymerization (FRP) of PMOxa-MA-22 and MA, it is referred to
as FRP-PCMOxa for simplicity.

TBHP, SFS,
O,

3-MPA OH
Ti/g + 2.5 HOT],g
~220 H,0, r.t., X y
24h 0
,>‘ ~22

O
PMOXxa-MA \"g/

stat. MA-(PMOxa-MA) -
Comb Polymer

Figure 50: Reaction scheme of free radical copolymerization of PMOxa-MA and MAA in aqueous solution. The
reaction is initiated with a redox system (tBHP,SFS) and is conducted in the presence of a chain transfer agent (3-
MPA). For the PCE synthesis, the PMOxa-MA macromonomer was exchanged to a commercial poly(ethylene
glycol)monomethylethermethacrylate (PEGMA) and the synthesis was conducted as noted.

The successful formation of the PCMOxa-combs is indicated by a shift of the main peak in SEC
measurements (DMAc + 0.316 g L'* LiBr) to smaller elution volumes, as displayed in Figure
51. As a reference, the SEC trace of the grafting-onto product PCMOxa-100-18x25 is shown as
well. PCMOxa-100-18x25k is assumed to be the closest in sidechain length (P = 25) and num-
ber of carboxylic acid per sidechain (N =5.5) to the FRP comb (P =21, N = 3.5, see further
discussion below). The molecular weight data of the FRP-PCMOxa is presented in Table 6. The
SEC trace of the FRP-PCMOxa does not display any remaining sidechain peak at 15 mL, indi-
cating full conversion of the macromonomer.
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Figure 51: SEC traces of PMOxa-MA macromonomer, the resulting FRP-PCMOxa comb in reference to the graft-
ing-onto product PCMOxa-100-18x25.

In addition to the synthesis of the FRP-PCMOxa, the synthetic strategy presented in Figure 50
was used to synthesize a PCE with PEO sidechains for reference. This PCE compound is re-
ferred to as FRP-PCE. In the synthesis, a PEO-methacrylate macromonomer with a degree of
polymerization of P = 22 (M, = 950 g mol™) was copolymerized with 2.5 eq. methacrylic acid in
the presence of 3-MPA in aqueous solution. The obtained FRP-PCE was characterized via SEC

as well and the results are given in Table 6.

Table 6: The FRP-PCMOxa and the FRP-PCE were characterized via SEC (DMAc + 0.316 g L, PMMA calibra-
tion). The monomer ratio is given as the molar ratio of MAA to methacrylate macromonomer (MM). (*) The molecu-
lar weight and the dispersity of the PEO SC were adapted from the manufacturer’s specifications.

SC Monomer-ratio Comb
M M
Name Polymer P n MAA:MM n w
[g mol ] [g mol"] [g mol?]
FRP-PCMOxa | PMOxa 21 2 600 1.10 25 48 000 71000 1.48
FRP-PCE PEO 22 950* 1.08* 25 42 000 73000 1.76

In contrast to the grafting-onto strategy, the number of backbone monomers per sidechain N, the
backbone length B and consequently the number of repeating units n of the two synthesized
FRP combs is not well defined (for terminology of structural parameters see Figure 42, p. 65).
Since the SEC indicates full conversion, N can be estimated from the stochiometric monomer
ratio in the polymerization. Since one backbone monomer is already attached to the sidechain,
N(theo) = (MAA:MM) + 1. The actual N can also be derived via integration of the backbone
monomers in *H-NMR, as displayed in Figure 52 for FRP-PCMOxa.
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ppm

Figure 52: 'H-NMR (400 MHz, 16 scans, D20) of FRP-PCMOxa comb. The spectrum was referenced to the residual
solvent peak. The integration was referenced to the 88 H of the PMOxa chain (labelled c). The backbone monomer
integrals were obtained asb =10anda=75-d = 75 - 66 =9.

N was calculated from the integrals of the 2 H of the CHz-group (a) and the 3 H of the methyl
group (b) in the methacrylate repeating units. Since the NMR integrals | are referenced to one
sidechain (I = 88), N can simply be calculated by the integral of I. or I, divided by the respec-
tive proton number. The results are summarized in Table 7 in comparison to the theoretical
Nsynthesis Obtained from the monomer ratio in the synthesis. The number of backbone monomers
N of the FRP-PCE comb was determined in the same manner also via *H-NMR, as displayed in
Figure 53.
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Figure 53: 'H-NMR spectrum (400 MHz, 16 scans, D20) of FRP-PCE.
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Table 7: Integration of H-NMR to obtain backbone monomers per sidechain N. The integrals a and b were divided
by their respective proton number (Ha = 2, Hy = 3) to give the grafting densities Na and Nb. N(NMR) is the average of
Na and Nb.

N (synthesis) | Integrala | Na | Integralb | No | N (NMR)

FRP-PCMOxa 3.5 9 4.5 10 3.3 3.9

FRP-PCE 3.5 5 2.5 9 3 2.75

The obtained N values correspond closely to the values of Nsynmesis calculated from the stoichi-
ometry in the polymerization. This agrees with the full conversion being indicated by SEC
(compare Figure 51) and the *H-NMR (compare Figure 52). In the master thesis of K. Beier
[149], the FRP synthesis (see Figure 50) was used to synthesize three PCE compounds with a
high (N = 2), medium (N = 3.8) and low (N = 6) grafting density. The synthesis parameters of
the medium comb were the same as for the here presented FRP-PCE. Acid-base titration and
'H-NMR were used to determine the number of free carboxylic acids per PEO sidechain. Beier
could show that the number of free carboxylic acids per sidechain corresponds to the stoichiom-
etry of the polymerization with an uncertainty of under 5% (obtained by titration). However, the
values for N obtained by *H-NMR showed a much higher deviation of approximately 50 %
since the peaks are rather broad and small, therefore the integration has a higher uncertainty
than the values obtained by titration. Thus, the value of N from stoichiometry is preferred over
the N calculated from the *H-NMR spectra in the following.

The backbone length B of the FRP combs could not be determined. End-group analysis via *H-
NMR failed as the proton signals of the tert-butyl group (initiator) as well as the proton signals
of the 3-MPA (CTA) are expected in the region of 0.5 — 1.5 ppm and are therefore overlapped
by the methyl group of the PMAA backbone. Since N is known with a comparatively low uncer-
tainty, B could be calculated if the molecular weight would be known. However, the molecular
weight obtained with the SEC in DMAc equipped with a dRI detector and PMMA calibration is
not representative of the actual molecular weight of the FRP combs. To obtain a rough order of
magnitude estimate, B was calculated on the basis of the master thesis of Beier [149]. Beier
performed aqueous SEC in 0.7 M NaHPO, calibrated with PEO standards (200 -
100 000 g mol™). He obtained a peak molecular weight of M, = 56 000 g mol* for the medium
PCE comb, which would correspond to a backbone length of B =42 (MM:MAA of 1:2.8)
(compare Table 29, p. 166). The molecular weight obtained from the aqueous SEC calibrated
with PEO standards is presumed to be closer to the true molecular weight than the value ob-
tained via SEC in DMAC, since the calibration corresponds at least to the sidechain polymer.
Nevertheless, the error of these values remains relatively large due to the polymer’s branched
and charged structure as well as the unknown refractive index of the PMAA copolymer back-
bone. Therefore, the calculation of B should only be regarded as a rough order-of-magnitude
estimate. Static Light Scattering, either with a MALS detector in SEC or as an independent
characterization, should be used to determine the actual molecular weight and calculate the
correct B.

79



4 PCMOxa — an Approach Toward a PCE Model System with an Alternative Sidechain

4.2.3 Rheological Characterization of the Grafting-Through
PCMOxa Combs

The influence of the grafting-through combs, FRP-PCE and FRP-PCMOxa, onto the yield stress
of cement paste was tested in the same procedure as for the grafting-onto PCMOxas (compare
chapter 4.1, p. 63). The molecules were dosed at a typical concentration of 0.1 wt.% for super-
plasticizers. The result of the average yield stress and its standard deviation of three successive
flow curves is plotted in Figure 54. For comparison, the yield stress of blank cement paste, the
commercial PCE BASF VP14.1 (for characterization see chapter ‘Materials’ in SI, p. 151) and
the grafting-onto comb PCMOxa-100-9x25 were included in the graph. PCMOxa-100-9x25 was
chosen as a reference as it is the grafting-onto compound with the biggest yield stress reduction
of Ao, = 145 Pa at the dosage of 0.1 wt.%. The structural parameters of the presented combs are
summarized in Table 8.
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Figure 54: Average yield stress and standard deviation of three independent flow curves for blank cement paste with
w/c = 0.35 (grey), the grafting-onto comb PCMOxa-100-9x25 (green rectangle), the commercial PCE BASF VP14.1
(blue circle), the grafting-through comb FRP-PCE (blue circle) and the FRP-PCMOxa (green circle).

Table 8: Structural parameters of compounds compared in the rheological characterization presented in this chapter.
The molecular weights and dispersity of the PCMOxa compounds and the FRP-PCE were obtained via SEC in
DMAc. The reported values for BASF VP14.1 were determined via aqueous SEC as published [166]. The value of N
for BASF VP14.1 was determined in [149].

Comb BB SC

M M M M

Name B P N n n w n b n
[g mol™] [gmol?Y] [g mol™] [g mol™]

PCMOxa-100-9x25 100 25 11 8 40000 53000 134 | 8500 125 | 3000 1.09

BASF VP14.1 - 20 282 - 11700 25000 2.39 - - - -
FRP-PCMOxa 50+25 22 35 - 48000 71000 1.48 - - 2600 11
FRP-PCE 5025 21 35 - 42000 73000 1.76 - - 950 1.08
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The FRP-PCE and the FRP-PCMOxa reduce the yield stress to the same value of g, ~ 10 Pa
within the uncertainty of the experiment. Consequently, for comparable side-chain lengths and
identical FRP synthesis parameters, the yield stress reduction is equivalent for PCMOxa and
PCE. Moreover, the yield stress reduction of the FRP combs is comparable to that of the com-
mercial product BASF VP14.1 at the same mass dosage. The FRP combs perform significantly
better than the grafting-onto products. The yield stress obtained for FRP-PCMOxa (o, =~ 10 Pa)
is five times lower than the yield stress obtained for the grafting-onto PCMOxa-100-9x25
(oo =~ 50 Pa) at the same dosage of 0.1 wt.%. This result is unexpected. Based on the findings in
chapter 4.1.3 (p. 68), it was anticipated that N = 3.5 for the FRP combs would be too small in
comparison to the determined optimum of N <11, leading to a minor or even no reduction of
the yield stress. This raises the question on how well the model systems presented in chapter 4.1
can represent commercial comb-polymer products, due to differences in their dispersity and
potential differences in the polymer structures, namely the parameters B, N and n, as a result of
the synthesis route.

The expected performance of FRP-PCMOxa was derived based on the structural parameters
presented in Table 8. However, both the structural values of the samples as well as the molecu-
lar weights and dispersity have high uncertainties for the grafting-through products. Conse-
quently, the predictions for the yield stress reduction may be incorrect. Of the known structural
parameters of the FRP combs, N has the highest uncertainty, while P is well defined since the
PMOxa-MA macromonomer was synthesized via the living CROP. As discussed in the previous
chapter 4.1.2, B and n could not be determined. N was assumed to be 3.5 based on stoichiometry
of the synthesis. Following the findings of chapter 4.1.3 (p. 68), N = 3.5 should lead to very
dense combs and consequently a small or even no reduction of the yield stress should be ob-
served. This discrepancy between the expected and the observed yield stress reduction could be
explained by a false estimation of the value of N. However, as discussed in the previous chapter,
the indications of complete conversion by two characterization methods are a strong argument
for N to be close to the stochiometric ratio. However, a branching point on average every 3.5
monomers is a very high grafting ratio which might be unlikely due to the steric demands of the
sidechains. Thus, it is assumed that very short backbones with a little number of sidechains are
preferably formed over long molecules with a large number of sidechains. This should result in
a rather high dispersity and low molecular weight. However, this is not reflected by SEC data
presented in Table 8 (p. 80). The obtained B = 1.45 is small for a free radical polymerization,
especially at full conversion. Typical values for a free radical polymerization without a CTA are
b >2 and CTAs are known to further increase the dispersity by initiating additional chain
growth [179]. Therefore, it seems that the SEC in DMAc underestimates the true dispersity of
the complex branched structures due to the unsuitable calibration or secondary effects, like
unfavorable solvent-polymer interactions. It could be that the potentially charged methacrylate
backbone is not properly solvated by the aprotic DMAC. It is understood that the dispersity
obtained via SEC represents different structural features for the two different synthesis strate-
gies. In the grafting-onto procedure, the BB length and the SC length are known and defined at
the moment of grafting. The dispersity in the molecular weight is mainly determined by the
variance of the number of sidechains. In the grafting-through procedure, the dispersity incorpo-
rates both the dispersity of the backbone length and the variance in number of sidechains. The
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variance in backbone length might be much bigger than the cumulative PDI of B = 1.45 indi-
cates.

In addition, the SEC in DMAc fails to determine the actual molecular weight. For branched
structures in general, the calibration obtained with linear standards underestimates the actual
molecular weight [180]. The deviation increases for increasing molecular weights and increas-
ing number of branches [181]. This was also shown for PCEs in aqueous SEC calibrated with
linear PEO standards [181]. We therefore assume that the molecular weights of the grafting-
onto combs are underestimated and the deviation from the actual molecular weight increases
with increasing molecular weight. We further assume that the molecular weight of the FRP-
PCMOxa is significantly lower than that of the grafting-onto PCMOxa combs. Therefore, it is
assumed that the higher efficiency in yield stress reduction for the FRP-PCMOxa compared to
PCMOxa-100-9x25 is caused by higher dispersity, the lower backbone length and potentially
smaller molecular weight of the FRP comb. We propose that these parameters affect the comb
distribution within the cement suspension. Molecules of shorter backbone length, as probably
obtained by FRP, lead to a much more homogenous distribution at the same surface coverage 6
than molecules with longer backbones, as obtained via the grafting-onto approach. This hypoth-
esis is graphically illustrated in Figure 55.
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Figure 55: Visualization of proposed influence of molecular weight on the distribution of the comb polymers in a
cement suspension. The cement grains are approximated as round particles. The contact between the particles leads
to the formation of a percolation path (orange), which increases the macroscopic yield stress. The adsorbed combs
(represented by purple ellipses) partly cover the surface of the cement grains and thereby prevent the formation of
percolation paths. Molecules of different backbone length and thus different molecular weights (differently sized
ellipses) at the same dosage (and same adsorbed mass) cover the same amount of the available cement surface.
However, the number of prevented contact points is smaller for the bigger molecules as the distribution is less
homogeneous. Consequently, molecules of smaller molecular weight lead to a bigger yield stress reduction macro-
scopically.
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4.3 Conclusions and Outlook

Chapter 4 presents poly(carboxylate methyloxazolines) (PCMOxa, IUPAC: poly(2-methyl-2-
oxazoline)-graft-poly(methacrylic acid)), which are comb polymers with a polycarboxylate
backbone and poly(2-methyl-2-oxazoline) (PMOxa) sidechains. These comb polymers were
developed based on the commercial superplasticizer poly(carboxylate ether) PCE, but with
substituted sidechain chemistry. PMOxa was chosen as a water-soluble and uncharged alterna-
tive to poly(ethylene oxide) (PEO). To the best of our knowledge, this is the first study on the
influence of chemical nature of the sidechain on the functionality of defined and low disperse
comb-structured superplasticizers (SP). Two different synthetic strategies towards the comb
polymers with PMOxa-sidechains were presented: a grafting-onto and a grafting-through. The
grafting-through approach is also referred to as macromonomer route. The grafting-onto synthe-
sis combines anionic and cationic synthesis to receive combs with low dispersity and well-
defined molecular weights of both backbone (BB) and sidechains (SCs) combined with an
average and disperse grafting density. This synthetic strategy allows the individual characteriza-
tion of BB and SC. Consequently, the structural parameters of the grafting-onto PCMOxa
combs can be determined easily with a low uncertainty. Therefore, these combs are suited for
comprehensive structure-property investigations.

The influence of the synthesized PCMOxa combs on the workability of cement pastes was
investigated by determination of the yield stress via flow curves in steady-shear of OPC pastes
with w/c = 0.35 and varying PCMOxa concentrations in the range of 0.01 — 1 wt.%. To verify
whether PCMOxa can function as a superplasticizer, its performance was assessed on a selected
grafting-onto sample. The investigated PCMOxa reduced the yield stress in a similar manner
and amount as the commercial PCE sample. Moreover, a similar yield stress vs polymer con-
centration correlation was obtained. Dissolved organic carbon (DOC) measurements revealed
that the adsorption of PCMOxa combs is similar to conventional PCEs. Therefore, it was con-
cluded that the PCMOxa combs have a similar working mechanism as conventional PCE via the
adsorption of their negatively charged BB onto the cement particle surface while the non-
adsorbing poly(oxazoline) SCs create steric hinderance between the particles. In a first attempt
to understand the structure-property relationship of these new comb-superplasticizers, a library
of PCMOxa was synthesized while systematically varying the number of BB monomers per SC
N, the SC length P and the BB length B. Thereby, it was shown that PCMOxa exhibits a struc-
ture-property relationship of a similar archetype in yield stress reduction as PCE in OPC. How-
ever, the parameter set for a maximum in Agy mg3 gageq 1S shifted to lower P and N values for
PCMOxa compared to PCE due to the higher chain stiffness and consequently the increased
hydrodynamic radius of the sidechain. Therefore, the correlation of yield stress with P/N reveals
a shift of the dosing efficiency maximum to lower P/N of 2 < P/N < 5 in comparison to conven-
tional PCE, which show the highest dosing efficiency at P/N =6 - 12 [129]. As a result, less
dense combs or combs with shorter sidechain lengths compared to conventional PCE are the
structures for PCMOxa to achieve maximum vyield stress reduction in cement paste per added
mass of polymer. However, an absolute statement about the dosing efficiency of PCMOxa in
comparison to PCE cannot be made at this early stage.
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In addition to the grafting-onto procedure, an alternative synthesis route was presented in chap-
ter 4.2. A standard macromonomer route (or grafting-through strategy) originally developed for
PCE was transferred to the synthesis of PCMOxa combs [148]. The macromonomer was pre-
pared following a procedure from literature [162] by living cationic ring opening polymerization
terminated via an end-capping reaction with methacrylic acid to obtain a PMOxa-methacrylate
(PMOxa-MA). 'H-NMR confirmed its structure. The combs were then polymerized in a free-
radical polymerization (FRP) in the presence of a chain-transfer agent (CTA) at room tempera-
ture. SEC verified the successful comb formation. The grafting-through synthesis has several
practical advantages over the grafting-onto approach. Only a single reaction step under Schlenk
conditions is required, making the route readily up-scalable. Microwave-assisted CROP could
further shorten the macromonomer synthesis time from approximately 24 h to 1 - 5 min [53].
However, the structural parameters obtained via the macromonomer route are poorly defined
making it unsuitable for structure-property relationship investigations. The degree of polymeri-
zation of the sidechain P was obtained from *H-NMR with a low uncertainty, while the number
of backbone monomers per sidechain N was estimated from the stoichiometry of the polymeri-
zation. The number of repeating units n and thus the backbone length B remain indeterminate.
In addition to the FRP-PCMOxa, the same synthetic strategy was applied to synthesize a PCE
with a PEO sidechain for reference. The FRP-PCE and the FRP-PCMOxa reduced the yield
stress to essentially the same value of g, ~ 10 Pa within the uncertainty of the measurement.
Consequently, for comparable side-chain lengths and identical synthesis parameters, the yield
stress reduction is equivalent for PCMOxa and PCE. Moreover, the yield stress reduction of the
FRP combs is comparable to that of the commercial product BASF VP14.1. In addition, the
FRP-PCMOxa achieved a five-fold greater yield stress reduction than a grafting-onto comb at
the identical dosage of 0.1 wt.%. Although the exact cause of this observation remains unclear,
we propose that the higher dispersity and the lower molecular weight of the FRP-PCMOxa
leads to a more homogeneous polymer distribution within the cement suspension.

In summary, the macromonomer route enables a simple, up-scalable synthesis of PCMOxa
comb polymers that not only reduces the yield stress more effectively than the grafting-onto
polymers but also offers practical advantages for industrial applications. This increases the
potential of PCMOxa for industrial applications. PCMOxa might be able to address some of the
short comings of PCE, especially the functionality loss in the presence of clay, e.g. bentonite.
Clays are commonly found in the aggregates used as the fillers in concrete. Moreover, calcined
clays are often used as cement replacements in concrete production to reduce the carbon foot-
print [6]. Therefore, high-range water reducers or superplasticizers are needed which provide
control over clay containing mixtures. However, PCE often loses its functionality in the pres-
ence of clay due to the formation of intercalations structures of the PEO sidechains in between
the aluminosilicate sheets [182]. Comb polymers with alternative sidechains, like the here
presented PCMOxa combs, could potentially prevent intercalation and thus be a suitable alterna-
tive to PCE. To further investigate the suitability of PCMOxa for practical applications, a holis-
tic assessment of its impact on the cement paste over the whole time frame of hydration is
needed. The compressive strength of the hardened paste under the influence of PCMOxa is next
to the reduction of the initial fluidity the second criterion to determine its suitability for applica-
tion. Ideally, the final compressive strength should either be unchanged or increased in the
presence of PCMOxa. In addition, slump retention, meaning the ability to maintain the initial
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yield stress reduction over time, needs to be investigated. Furthermore, the effect of PCMOxa
on the cement hydration, especially on the formation of hydrates at early hydration stages could
be investigated in future studies. It should be noted, that the observations on the yield stress
reduction of FRP-PCMOxa are based on a single set of structural parameters. To validate these
observations, a comprehensive study of a series of polymers with systematically varied synthe-
sis parameters would be needed. In addition, the analytical determination of the molecular
weight and the dispersity needs to be improved to get further insight into the difference in the
yield stress reduction efficiency of the grafting-onto and the grafting-through combs, for exam-
ple by using Static Light Scattering, either with a multiangle light scattering (MALS) detector in
SEC or as an independent characterization method. Diffusion-ordered spectroscopy (DOSY) is
not a suitable method, as a study on branched homopolymer pom-pom structures showed that
the molecular weight is underestimated to the same extent as in SEC [180], thus offering no
improvement over conventional chromatographic methods for branched polymer structures.
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5 Rheo-FTIR — Development and
Application of a Versatile Tool to
Investigate Chemo-Rheological
Relationships

Rheometry is a versatile technique which can be used to characterize the flow behavior for a
large variety of applications such as the processing of polymer melts, the flowability of cement
pastes or the skin feel of cosmetic products. In the case of e.g. rubber vulcanization, time-
dependent changes in the rheological behavior can be observed. To identify the microscopic
origins of these rheological changes, different combinations of rheometers with additional
analytical methods have been developed. These methods involve dielectric spectroscopy (DES)
[11-14], small angle x-ray scattering (SAXS) [15, 16] and nuclear magnetic resonance (NMR)
[17-19] amongst others. These types of experimental set-ups have been labelled as ‘in-situ’
[183], ‘hyphenated’ [184] or ‘combined’ [20] techniques in previous works. These labels are not
clearly defined and are therefore often used synonymously. In this work, we call a measurement
‘in-situ’ if a single analytical technique is used to follow a chemical reaction in real-time. Rheo-
logical technigues which combine rheology with an additional measurement device e.g. spec-
troscopy, are named ‘combined’ techniques.

This work focuses on the further development of a combination of rheometry with FTIR spec-
troscopy, the so-called Rheo-FTIR. In general, FTIR is a method to obtain information about the
chemical composition, molecular conformation or crystallinity of materials [142, 138, 185]. In
combination with rheometry, it can be used to characterize a wide range of materials, e.g. bring
new insights to hydrogel kinetics [20] or shear-induced effects like the denaturation of proteins
in silk [186].

A variety of mechano-FTIR combined techniques have been realized in the last decades [187—
193]. All of these combinations impose a uniaxial deformation onto the sample, either in elon-
gation or compression. The spectral information is then obtained via transmission FTIR of the
sample under deformation. A set-up incorporating ATR via an IRE was realized by Nishikawa
et al. [193-196]. Their measurement set-up is also limited to uniaxial deformation. The combi-
nation of a rotational rheometer with ATR FTIR has been commercialized by Thermosphere
Scientific under the trade name Rhenium. It is available as a modular addition to a stress-
controlled Hake-Mars which can be connected to a FTIR spectrometer with side port, e.g. the
Thermo Scientific Nicolet iS10. This module has been used to study, e.g. the curing of polyure-
thane resins [197] or shear-induced denaturation and aggregation of silk proteins [186, 198].

In this working group, we have developed an alternative Rheo-FTIIR set-up as a modular addi-
tion to a strain-controlled TA Instruments ARES G2 [20, 21]. Strain-controlled rheometers are
equipped with two motors, a lower one to apply sample deformation and the upper to acts as the
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transducer. Therefore, the deformation does not interfere with the torque measurement. Thus,
induction times are reduced, and the measurement quality is improved. Consequently, strain-
controlled rheometers are preferred for FT-Rheology and LAOS investigations.
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5.1 Starting Point: The Initial Rheo-FTIR set-up

The Rheo-FTIR set-up used in this work was initially developed by Radebe et al. [20, 21] and is
displayed in Figure 56. The set-up combines a high-end strain-controlled TA Instruments ARES
G2 and a Bruker Matrix-M FTIR spectrometer. The ARES G2 is equipped with an Advanced
Peltier System (APS) for temperature control. The Matrix-M, which features a mid-IR source
(4000 — 400 cm™) and an external MCT detector of the type Bruker LN MCT D316, is opti-
mized for industrial use. Therefore, it is characterized by fast signal averaging, high perfor-
mance, permanently aligned optics, very compact size (29 x 31 x 24 cm), a relatively low mass
(12 kg) and a high insensitivity against mechanical vibrations. The integrated rapid scan option
allows scanning velocities of 160 kHz (corresponding to a physical mirror speed of
V'’ =5cms?, equivalent to 15.3 scans/s) (for an explanation of the scanning velocity see chap-
ter 2.5.1, p. 38).

As displayed in Figure 56, the modulated IR-beam is emitted by the Matrix cube. The first off-
axis parabolic mirror M1 focuses the beam onto the trapezoid shaped silicon geometry, which
acts both as an IRE and the upper plate of a plate-plate geometry. Silicon (Si) was used as ATR
crystal material due to its high refractive index, chemical and mechanical robustness, durability
and its suitability for precise shaping [20, 138]. Si provides two spectral windows at 8 000 -
1350 cm™ and 500 — 33 cm™. Strong phonon absorption bands at 1 350 — 500 cm™ obscure the
fingerprint region [143]. After reflection on the surface-sample interface, the light is guided by
two additional off-axis parabolic mirrors to the LN2 cooled MCT. The integrated Dewar can
contain up to 0.3 L of LN2 corresponding to 6 hrs of maximum measurement time. Compared
to standard thermal pyroelectric detectors, i.e. DTGS, the MCT provides up to 10 times higher
sensitivity [199]. However, higher sensitivity comes at the cost of spectral range. A typical
DTGS detector covers the whole mid-IR range (12 500 — 350 cm™*) while MCT detectors have a
cut-off at 800 to 500 cm™, depending on their bandwidth [142, 200]. The here used Bruker LN
MCT D316 covers both the NIR and the MIR region with a spectral range of 12 000 — 600 cm™.

Detector table

Spectrometer table

Figure 56: a) Schematic representation of the initial Rheo-FTIR set-up including beam path (red line) b) Picture of
the Rheo-FTIR set-up after the initial development in 2021. Both pictures reproduced from [20].
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5.2 Modifications to the Rheo-FTIR

With the initial set-up, investigations on hydrogel kinetics were conducted as a proof-of-concept
[20]. This confirmed the fundamental working mechanism of the Rheo-FTIR set-up. However,
the signal-to-noise ratio (SNR) (see chapter 5.3, p. 97) obtained with this initial set-up was not
fully maximized yet. Moreover, the handling was difficult as the spectrometer and the detector
were not fixed in place. Therefore, the beam path had to be aligned manually every time the
modular FTIR-addition was set-up, resulting in set-up times of up to one hour and compromis-
ing the reproducibility of measurement quality. Therefore, several modifications were imple-
mented to the Rheo-FTIR to improve both the SNR and the ease of handling. This chapter
summarizes these modifications. The subsequent chapter (chapter 5.3, p. 97) highlights the
resulting sensitivity improvements achieved by these modifications. A schematic illustration of
the modified set-up is displayed in Figure 57, including the labels given to the individual parts.

Bruker Matrix, IR source
and Interferometer
M1-3  Off-Axis Parabolic Mirrors

2 IRE, ATR Crytal (Si)
3 Sample
4 MCT Detector

-> IR Beam Path

Figure 57: Schematic representation of the modified Rheo-FTIR set-up including labels of the different components.

Reversed beam path. The beam path was reversed from the initial set-up as illustrated in
Figure 58. The permanently mounted oven of the ARES G2 restricts the space on the detector
side. Reversing the beam path moved the detector position further into the + y-direction, provid-
ing additional space to move the detector and introduce adjustment mechanisms.
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a) b)

M1

Source

Source Detector

Figure 58: Top view on the beam path. a)The illustration shows the beam path of the initial set-up as published by
Radebe et al. [20]. b) The illustration side shows the reversed beam path, which moves the detector further to the
front and thus provides additional space.

Additional options for lower geometry. The ATR crystal is implemented to the Rheo-FTIR as
the upper geometry. Since the beam path has to be adjusted precisely and is thus fixed in its
z - position, the upper geometry has to be fixed in its z - position as well. Technically, this can
be easily realized since the rheometer can adjust and hold the geometry position with an uncer-
tainty of 1 um. However, this fixes the gap height to a pre-set height of 1 mm. This can be a
disadvantage in the characterization of soft materials, like hydrogels or elastomers which usual-
ly require larger gap heights. Therefore, the lower geometry was redesigned to a set of plates
with a cylindric elevation in the middle of a diameter of 25 mm. The standard plate, which was
used for the beam path alignment, has an elevation of 10 mm plus a 1 mm gap. To measure
samples that require a bigger gap height, the lower plate can be exchanged to plates of smaller
elevations, resulting in a larger gap. This concept is illustrated in Figure 59 a). In addition,
grooved lower plates are available for materials which are prone to slip, e.g. rubber materials as
displayed in Figure 59 b).

Transducer Transducer e T
rheometer ,/

24 B

Figure 59: a) Schematic side view of the IRE (yellow), sample (green) with two versions of the exchangeable lower

plates. For standard measurements at gap heights of 1 mm, the lower plate with a 10 mm elevation is used. If larger
gaps are required, the lower plate can be exchanged to the 1 mm elevation. b) Picture of the available lower plates

with elevations of 1 mm, 10 mm and a grooved plate with an 80 mm elevation. An additional picture of the plates in
side view is given in the SI (Figure 90, p. 167).
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MCT detector. The Dewar size of the MCT detector limits its run time. In the initial set-up, a
Dewar volume of 0.3 L corresponding to a maximum run time of 6 h was used. In practice, the
maximum run time cannot always be fully utilized. It can be shortened by elevated ambient
temperatures in the laboratory (> 25 °C in summer). Moreover, measurements were observed to
become unstable at low fill levels, typically within the last hour of the maximum run time.
Therefore, a second MCT detector of the same detectivity but with an increased Dewar size was
acquired. The new MCT detector has a Dewar volume of 0.5 L, corresponding to a maximum
run time of 8 h.

Redesign of table. As shown in Figure 57 (p. 91), the complete assembly supporting both the
spectrometer and the detector is referred to as table. The table is constructed from the spectrom-
eter table on the left and the detector table on the right, which are connected by a horizontal
crossbar. In the redesign of the table, this crossbar was added to reduce flexing and mechanical
vibration between the two units. In addition, the table’s fixations were reworked. The initial
locking screws were exchanged to precision fastenings. The table positions were further refined
by exchanging the rheometer transport handles to longer steel rods equipped with mechanical
stops at the optimal positions. These rods and the upgraded fastenings are also shown in Figure
92 (SI, p. 168).

Detector

e
Adjustment
Screws

b)

«— Detector plate
i Detector
P Tray
Locking
L4 = Screws

Locking__> M) < Hollow Cylinder
crew

Cylinder
S Slider

Point of
view of b)

«—Table
ok Frame
Rheometer
Transport
Handle — < Fastening
+X -y

Figure 60: a) Photo of the set-up with the modified table including the horizontal crossbar, the precision fastenings,
the steel rods with the positioning stop and the modified spectrometer table. b) Exploded side view of the modified
detector table. The detector sits inside a tray, where it can be positioned and fixed via four screws located on the
sides of the tray. The tray is mounted to the slider via a 360° joint made from a cylinder shell and a full cylinder. The
slider sits on the table frame and defines the y-position.

Additionally, the detector table was fully redesigned. In the initial set-up, the detector was
placed on a flat table top (see Sl, Figure 92, p. 168). Its position in the x-y-plane was not prede-
fined and had to be adjusted manually. Therefore, the measurement quality was dependent on
the experience of the user. In the redesigned table, the detector is placed inside a tray, in which
it can be positioned precisely and fixed with four screws located on the sides of the tray. A
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cylinder shell is attached to the bottom of this tray. A second cylinder is mounted to a flat metal
plate, referred to as slider. The cylinder shell fits over the full cylinder, creating a joint which
allows 360° rotation in the x-y-plane. After alignment, a locking screw in the cylinder shell is
used to secure the rotational position. The slider rests on the table frame and can be moved to
adjust the position in the y-axis. Locking screws are used to fix the position of the slider on the
table frame.

Redesign of ring system holding the mirrors. The mirrors are fixed to mirror mounts which
are attached to the outside of a ring system consisting of an inner ring and an outer ring as
shown in Figure 61. The inner ring is fixed to the rheometer head. The outer ring sits freely on
the inner ring which allows 360° rotation in the x-y-plane (compare Figure 62, p. 95). The
position of the outer ring can be fixed with a screw. In the initial set-up, the mirrors were
mounted to long mirror mounts attached to a rather slim ring system (bi, =18 mm,
bout = 58 mm). This initial mirror ring is displayed in Figure 56 (p. 89) and Figure 61 (p. 94).
Due to the low structural rigidity of the thin inner ring, the mechanical stresses applied during
mounting were sufficient to cause noticeable deformation out of its planar design which com-
promised its functionality. To address this issue, the ring system was redesigned using rings
with greater material thickness (bin = 25 mm, bow = 45 mm) to prevent deformation. The rede-
signed ring system is displayed in Figure 62 (p. 95).

Additionally, the original mirror mounts were exchanged to shorter mounts. This modification
brings the mirrors closer to the center of the ring, reducing the mirror-crystal distance from
18 cm to 15 cm. A distance of approximately 15 cm corresponds to the focal length of the used
off-axis parabolic mirrors and therefore improves the signal intensity. Both the initial and the
revised mirror mount are displayed in Figure 61.

Parabolic
Current Mirror
Mirror

Initial
Mirror
| Mount

; »Outer Ring

Figure 61: Upside-down picture of the ring system used in the initial set-up equipped with two different mirror
mounts: The longer mirror mount on the right side was used in the initial set-up (compare Figure 56, p. 89), while
the shorter mirror mount on the left side is used in the current set-up. Exchanging the mirror mounts during the
modification process moved the mirrors closer to the center of the ring and consequently to the mirror-crystal
distance to the focal length of the off-axis parabolic mirrors.
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In addition, a micrometer screw was added to the attachment of the mirror mount as shown in
Figure 62 and in Figure 91 (SI, p. 167). This screw allows precise movement of the mirror along
the axis perpendicular to the ring system. Thus, it allows the fine adjustment of the mirror-
center distance and consequently the mirror-crystal distance. This feature is essential for accu-
rately positioning the focal point to the desired location.

Figure 62: Redesigned ring system featuring increased material thickness and a micrometer screw integrated to the
attachment of the mirror mounts. The micrometer screw allows fine adjustment of the mirror position along the axis
perpendicular to the ring plane, enabling precise adjustment of the focal length.

Upper Geometry. The reduction in the length of the mirror mounts also required a reduction of
the length of the upper geometry. In the initial set-up, the geometry had a length of 16.5 cm. As
the length of the mirror mounts was reduced by 3 cm, the length of the upper geometry could be
reduced by a similar amount. The current geometry now has a length of L = 12.8 cm, bringing it
closer to the dimensions of commercial geometries, e.g. 25 mm PP TA Instruments L = 9 cm.
Moreover, the shaft of the upper geometry was redesigned from a cross-hatched cross-section to
a hollow cylindrical structure. This redesigned shaft allows the integration of a temperature
sensor which is advantageous for temperature sensitive measurements. Moreover, the material
of the geometry shaft and clamp was changed. The clamp holding the crystal is now made from
titanium, while the shaft has been changed to stainless steel. Stainless steel and titanium have a
lower thermal expansion coefficient and a reduced torsion compliance compared to the alumi-
num used in the initial design, thus improving mechanical stability and reducing thermal expan-
sion.

Table 9: Comparison of the thermal expansion coefficient and the G-Modulus of the materials used for the upper
geometry [201-203].

Aluminum,  Stainless Steel,  Titanium,
(old shaft) (new shaft) (clamp)

Thermal expansion coefficient 23-10° K 12-10% K1 8.6-10° K!
G-Modulus 25 GPa 62 - 87 GPa 43 GPa
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Figure 63: Picture of initial aluminum (top) and current stainless steel (bottom) upper geometry showing the reduc-
tion in length and the updated shaft design.

Heat cover. In parallel to the modifications reported in this work, Xu et al. designed a heat
cover to improve the heating efficiency of the upper geometry [204]. This allows measurements
at temperatures up to the APS limit of Tmax = 150 °C. This modification is mentioned here for
completeness, as the heat cover was used in some measurements discussed in the following
chapters.

IR Parameter Optimization. The FITR parameters were optimized following the previous
works of Beskers [199] and Radebe [21]. The Bruker Matrix-M is equipped with a rapid scan
option. This allows scanning velocities of up to 160 kHz (¥’ =5 cm s?). A thorough compari-
son of the different scanning velocities revealed the highest S/N-n"2 for 20 kHz which is equiv-
alent to a scanning speed of 2.3 scans per seconds (see Sl, Figure 93, p. 168). These findings are
in agreement with literature [142] and the manufacturer recommendations. Therefore, a scan-
ning velocity of 20 kHz is recommended for standard measurements. A higher scanning veloci-
ty can be considered when the experiment allows a sensitivity trade-off for reduced measure-
ment time. The used measurement parameters for standard FTIR measurements are summarized
in Table 27 (SI, p. 160).
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5.3 Improvements in FTIR Sensitivity

The set-up modifications were implemented to increase the measurement quality of the FTIR
spectra obtained by the Rheo-FTIR. Many of the modifications on the individual components
were performed in parallel. Consequently, the effect of the individual modifications on the
measurement quality cannot be examined independently. Moreover, all changes focused on
improving the beam path alignment. The effect of an improved alignment on the spectral quality
is discussed in the following. A common measure of spectral quality is the signal-to-noise ratio
(SNR). The SNR is defined by equation (5.1):
Signal

SNR = 51
Noise (1)

The SNR is dependent on several measurement parameters, i.e. the number of scans n, the
spectral resolution A¥, the specific detectivity D* and the optical throughput © [138, 142].

SNR ~n'/2-A¥-D*-0 (5.2)

The SNR can be improved by increasing the number of scans (SNR ~ n'/2 for stochastic noise)
[142], which simultaneously increases the measurement time. Therefore, the time-independent
signal-to-noise ratio (SNR -t t in seconds) is equal to SNR ~ n'/2 if the scanning velocity is
kept constant. Low resolution (> 8 cm™ for liquids) increases the SNR because shortening the
optical path difference restricts the Fourier transform to the region near the intense center burst,
while excluding the noise-intense wings of the interferogram [138]. Both the number of scans
and the resolution have to be chosen based on the experiment performed. If not stated otherwise,
n =64 and AV =4 cm* were chosen in this work. A complete overview of the used FTIR pa-
rameters is given in Table 27 (SI, p. 160). The detector sensitivity D* is a figure of merit to
characterize the performance of photodetectors. It is specific to the detector used. For the given
MCT detector, D* >2 - 10 cm HzY?W, The optical throughput © characterizes the light
transfer efficiency from the source to the detector, which increases the SNR.

The modifications on the Rheo-FTIR (see chapter 5.2, p. 91), especially on the ring system and
the detector table, allowed more precise positioning of all components. Therefore, the total
alignment of the beam path could be readjusted more precisely which increased the intensity
obtained at the detector. This intensity is given by the Bruker Software OPUS in analog-digital-
converter (ADC) counts. In OPUS, the signal intensity is displayed for a 16 - bit ADC
from -32 768 to +32 768 bits. However, the actual conversion in the Matrix - M is performed
with a 24 - bit ADC. In the initial set-up of Radebe et al., ADC counts of 8 000 - 16 000 a.u.
were obtained using a preamplification of a factor ten [21]. The modifications and the resulting
substantially improved alignment produce reproducible ADC counts of approximately
25 000 a.u. without any preamplification of the signal. This is close to the saturation of the
MCT detector at +/-28 000 a.u.. The ADC count reflects the amount of light reaching the detec-
tor and therefore is an indirect measure for the optical throughput of the system ©. It has to be
noted that the relationship is only qualitative. However, the substantial increase in the ADC
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count indicates that the improved alignment of the beam path leads to a significant increase in
the optical throughput of the system.
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Figure 64: Spectrum of water obtained a) with the initial set-up which was the state of the art in 2021, reproduced
from [21] and b) after finalizing the modifications.

As stated in equation 5.2, the optical throughput is proportional to the SNR. Since the modifica-
tions increased the optical throughput, they consequently substantially increased the SNR.
Figure 64 shows two spectra of water obtained before and after the implementation of the modi-
fications on the set-up. For the calculation of the SNR, the signal intensity of the H,O-scissoring
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vibration at 1640 cm? is divided by the standard deviation of the noise in the wavenumber
region of 2700 cm™ to 2500 cm. For the spectrum obtained with the modified set-up, a cen-
tered moving average baseline (window size of 15 points, corresponding to A¥ = 30 cm™) was
fitted over the noise wavenumber region and subtracted from the spectrum to eliminate the
underlying curvature (compare Sl, Figure 94, p. 169). The obtained SNR, SNR-t¥2 and SNR-t"2
values are summarized in Table 2. For the initial set-up, the values are given based on the spec-
trum shown in Figure 64 [20, 21]. It should be noted that the values given by Radebe et al. [21]
of a scan speed of 40 kHz (equivalent to 4.4 scans/s in forward-backward mode), a number of
scans of n =64 and a measurement time of t = 30s are contradictory. For the calculation of the
SNR values, it was assumed that the spectrum was obtained with a scan speed of 40 kHz for a
scan time of 30 s (corresponding to n =132). The SNR for the modified set-up was averaged
from 6 independent spectra of water obtained with a scanning velocity of 20 kHz (2.3 scans/s in
forward-backward mode), s =64 and t=27.9s. The average and the standard deviation are
given in Table 10. The comparison of the SNR-t*2 before and after the modifications highlights
the substantial SNR improvement by a factor of 63, saving approximately a factor 4 000 in
measurement time.

Table 10: SNR improvement at room temperature. The spectrum obtained with the initial set-up was recorded for
30 s with a scan speed of 40 kHz and a number of scans n = 132, while the spectrum obtained with the modified set-
up was recorded with for 27.9 s with a scan speed of 20 kHz (n = 64).

- Time
Initial set-up 2021 Modﬂ;gczig et-up Impfgjc\;grlrlent saving
factor
8 000-16 000 a.u. 25000 a.u.
ADC count At 10x Without 16 - 32 -
preamplification amplification
SNR 130 8200 £ 820 63 -
SNR - n? 11.3 1025 91 -
SNR - t'12 24 512 1520 + 170 52 63 4000

The increase in sensitivity expands the range of accessible experimental conditions to elevated
temperatures (25 - 150 °C). Measurements at elevated temperatures exhibit a considerable loss
in sensitivity as shown on two spectra of LDPE recorded at 130 °C with the initial and the
modified set-up in Figure 65 [205]. The main reason for the loss of sensitivity is the increase of
thermal noise due to black body irradiation of the sample and the set-up components with in-
creased temperature within the detector’s view [142]. For the initial set-up with a rather low
sensitivity at room temperature, experiments at elevated temperatures resulted in poor spectra
and a considerable loss of spectral information, meaning that both sensitivity and selectivity
were compromised (see Figure 65).
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Figure 65: Normalized LDPE spectra in melt state obtained with the initial set-up (blue) [205] and the modified set-
up (red). The modifications led to a substantial SNR improvement of a factor 61. It should be noted that the spectra
were obtained with different scan speeds (40 kHz for the initial and 20 kHz for the modified set-up), thus the same
number of scans results in different measurement times.

To compare the sensitivity improvement at elevated temperatures by the implemented modifica-
tions, the SNR was determined in the not-normalized spectra with the intensity of the asymmet-
ric C-H -stretch vibration at 2921 cm and the standard deviation in the wavenumber range of
3500 — 3300 cm™ (compare SI, Figure 95 - Figure 97, p. 169 - 170). For the LDPE spectrum
obtained with the initial set-up, the peak at 3100 — 2200 cm™? was fitted with two Gaussian
functions and a maximum of 0.61 a.u. was determined for the Gaussian peak at 2921 cm™
(compare SI, Figure 97 and Table 30, p. 170). For the spectrum obtained with the modified set-
up, a centered moving average baseline (window size of 25 points, corresponding to
AV =50 cm™) was fitted over the noise wavenumber region and subtracted from the spectrum to
remove the underlying curvature prior to the calculation of the standard deviation (compare Sl,
Figure 96, p. 170).

Table 11: SNR values obtained for LDPE in the melt state at 130 °C with the initial set-up in 2022 and the modified
set-up in 2026. It should be noted that the spectra were obtained with different scan speeds (40 kHz for the initial and
20 kHz for the modified set-up), thus the same number of scans results in different measurement times. As the SNR
values are based on single measurements, no uncertainties are given in the table. The uncertainty is assumed to be in
the range of 10 % consistent with the SNR values determined at room temperature.

Initial set-up 2022 | Modified set-up 2026 | Improvement factor
SNR 20 1220 61
SNR - n2 2.5 152.5 61
SNR - t12 5.3 512 223 512 42
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5.3 Improvements in FTIR Sensitivity

The modifications led to a substantial improvement of the SNR at 130 °C by a factor 61, con-
sistent with the SNR increase obtained for the room temperature measurements. However, the
improvement in SNR - 2 is only a factor of 42 due to the differences in measurement times
resulting from the different applied scan speeds. Anika Goecke obtained the spectrum with a
scanning velocity of 40 kHz (4.4 scans/s) [205], whereas a scanning velocity of 20 kHz (2.3
scans/s) was chosen in this work. Interestingly, the sensitivity loss due to thermal noise is sub-
stantial: Increasing the temperature from 25 °C to 130 °C leads to a reduction in SNR of approx-
imately 85 % for both the initial set-up and the modified set-up.

In addition to the sensitivity improvement, the modifications on the Rheo-FTIR set-up improved
the handling. The redesign of several components reduced the set-up time by a factor of four
from about 1 h to 15 min. The main reduction of set-up time was achieved by the simplification
of the set-up design and the fixation of the detector position, which eliminated the manual
alignment of the beam path.
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5.4 Beam-Path Enclosure — Stabilization of Atmosphere
to Reduce CO; and H20 Artifacts

The IR beam probes not only the sample but also the atmosphere it passes through on its path
from the spectrometer to the detector (length of beam path: L =~ 95 cm). Atmospheric gases such
as carbon dioxide (CO2) and water vapor (H2O(g) strongly absorb IR light. This is not problem-
atic per se: If their concentration is constant between acquisition of background single channel
scan (BGSC) and sample single channel scan (SSC), their absorption bands cancel out during
the spectrum calculation and consequently do not appear in the final spectrum. However, fluctu-
ations in atmospheric concentration can lead to residual bands of CO; and H,O). CO, absorp-
tion produces an intense band at approximately 2400 — 2240 cm'*, while the vibration-rotational
lines of water vapor are less intense but cover two broad wavenumber ranges between 4000 —
3400 cm* and 2000 — 1500 cm™®. These residual bands may appear both with a positive or a
negative intensity, depending on whether the concentration increased (+) or decreased (-) rela-
tive to the background scan.

Providing a dry purge with a stable composition is critical for high spectral quality in a FTIR
spectrometer. In commercial FTIR instruments, this challenge is addressed with enclosing the
beam path and purging it with a gas to stabilize the atmosphere. For the Bruker Vertex 70, the
instrument is purged with dry, pressurized air of defined and constant composition. In addition,
commercial FTIR instruments are often equipped with drying agents to stabilize the atmosphere
and to protect hygroscopic optical components, like KBr windows and beam splitters. As an
alternative to gas purging, FTIR measurements can also be performed under vacuum to suppress
artifacts. In principle, the absorption bands of water vapor and CO, can be mathematically
removed in the processing of the spectra. Commercial software, like Bruker OPUS, includes
built-in algorithms for real-time removal of residual atmospheric absorption bands during spec-
trum acquisition. However, the mathematical corrections can be incomplete or incorrect and can
thus introduce artifacts, which is particularly problematic in quantitative analysis. For these
reasons, the suppression of atmospheric bands through a gas purge is generally preferred over
mathematical correction.

The modified Rheo-FTIR set-up presented in the previous chapters (p. 91) is not enclosed.
Therefore, residual bands of CO, and H.O frequently occur, especially during longtime meas-
urements (> 30 min) in which the laboratory atmospheric conditions in the laboratory may
change due to, for example, people walking in the room or breathing near to the FTIR instru-
ment. Figure 66 shows two spectra of high-oleic sunflower oil obtained with the unpurged, open
Rheo-FTIR, each exhibiting residual CO, and H,O( bands. These two spectra were recorded
using BGSC and SSC obtained within two minutes of each other on the same measurement day
within 30 min of each other. The comparison demonstrates that atmospheric fluctuations, while
more likely during long-term measurements, can also affect individual single spectra, depending
on the laboratory environment at the time of acquisition. A complete assignment of the peaks
for high-oleic sunflower oil is provided in Figure 98 (SI, p. 171). The CO band only covers a
small wavenumber range that does not overlap with any absorption bands of the sample and
therefore does not affect the information content of the spectrum. In contrast, the residual bands

103



5 Rheo-FTIR — Development and Application of a Versatile Tool to Investigate Chemo-Rheological Relationships

of H2O( overlap with several sample bands, even obscuring weaker absorptions as the C=C-
vibration at 1653 cm™™.
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Figure 66: a) Two spectra of high-oleic sunflower oil obtained with the Rheo-FTIR set-up. A complete assignment of
the sample peaks is given in Figure 98 (SI, p. 171). Fluctuations in the atmospheric composition during the acquisi-
tion of the BGSC and the SSC led to artifactual absorption bands of water vapor H20(g) in the two wavenumber
ranges between 4000 — 3400 cm* and 2000 — 1500 cm™, and CO: at 2400 — 2240 cm-™. b) Enlargement of the
wavenumber region of 1800 — 1600 cm™ in the two spectra of high-oleic sunflower oil. The H20 absorption bands in
spectrum 2 obscure the weak C=C-vibration band at 1653 cm™.

In order to eliminate the gas fluctuations in the Rheo-FTIR, a mechanical enclosure was con-
structed and tested. The development process underwent three successive design steps which are
described and discussed in the following subchapters: the cubic enclosure, the beam path purge
and the vent addition to the beam path purge.

5.4.1 First Design Approach: Full Enclosure

The first design step was the combination of two cubic metal enclosures connected with a
flexible tube, as shown in Figure 67. As this design fully encloses the entire beam path as well
as all optical components such as the mirrors and the MCT detector, it is referred to as full
enclosure (FE). The FE design is the most straight-forward design of an enclosure with regards
to the positioning within the set-up. Cubic enclosure 1 (CE1) covers the sample compartment
which includes the off-axis parabolic mirrors M1 and M2 as well as the ATR geometry. CE1 is
mounted to the top of the APS and fixed in its position with two screws. The fixation of CE1
allowed the precise positioning of the windows for the IR beam. Two gas inlets are implement-
ed to flush CE1 with dry nitrogen gas (N-), the main inlet at the back and APS inlet. The gas
flow at the main inlet of a diameter of %” (6.3 mm) can be adjusted via valve V1. For V1, a
needle valve without any flow meter was used. Therefore, the gas flow is given in valve open-
ing (VO) from 0 % (closed) to 100 % (fully opened). The gas inlet at the APS is used to flush
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the small gap (<1 mm) between the lower geometry and the APS. In general, this gas flow is
applied for all measurements involving the APS. Its main functions are the improvement of heat
transfer between the APS and the lower geometry as well as the prevention of malfunctions
caused by sample flowing or falling into the APS gap. In addition, this gas flow contributes to
the overall flushing of the sample compartment CEL1.

The sample compartment CE1 has been designed with two openings in the front which can be
used to change the sample or to remove the upper geometry for cleaning. The sliding door was
made from transparent acrylic glass to allow the user to monitor the sample during the meas-
urement. Moreover, the whole metal front side can be opened to e.g. remove the upper geometry
or to readjust the mirrors. The front is connected to the main box via hinges at the bottom so
that the front functions as a hatch. A picture with the opened front hatch is given in Figure 99
(S, p. 172).

Gas distribution
of ARES G2

Flex Tube

+ X +X

Figure 67: a) Photo of the Rheo-FTIR including the full enclosure (FE) consisting of the two cubic enclosures CE1
and CE2, connected by a flexible tube. b) Schematic illustration of the top view on the FE design. The enclosure can
be purged via three Nz inlets (turquoise), valve V1, valve V2 and the APS inlet surrounding the lower geometry P. V1
and V2 have diameters of % (6.3 mm). The MCT is marked with the letter D for detector. The blue arrows indicate
the envisioned N2 gas flow.

Cubic enclosure 2 (CE2) covers the detector. It is installed by positioning it over the detector.
Two metal pins on the detector plate define its position. CE2 has a separate N inlet at the back
which can be controlled by valve V2. The gas flow at V2 is controlled by a flow meter and can
be varied between 0 L mint to 25 L min. As CE2 is completely closed, it has to be removed to
fill the MCT Dewar with LN2. Therefore, the total time of purging plus obtaining measure-
ments is limited by the maximum run time of the MCT detector of approximately 8 h. In prac-
tice, the maximum run time cannot always be fully utilized. It can be shortened by elevated
temperatures in the laboratory (> 25 °C in summer). Moreover, measurements were observed to
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become unstable at low fill levels. Therefore, the purging time was deliberately limited to one
hour in order to maximize the measurement window.

The functionality of the FE was tested by purging the system for one hour without any sample
and investigating the observed fluctuations. In an attempt to create similar testing conditions,
CE1 was completely opened and CE2 was removed for 30 min to achieve a “defined” initial
unpurged state. The BGSC was taken in the unpurged state. Afterwards, the enclosure was
closed, and the gas flow was started. V2 and the gap purge were set to 5 L min™ and the opening
of V1 was varied from 0 % to 100 % to find optimum conditions. The measurement was started
immediately after opening the gas flow. A spectrum was recorded every 2 min. The results were
compared to an analogue one hour measurement in open atmosphere without any enclosure.

0.004 -
— 0.000 -
)
B,
GJ '0004 =
o
S
o -0.008 - i
? il H20()
o -0.012+ |
< ]
-0.0164 H,O 25% valve opening o
] to — representstime ||
increase from 0 to 60 min
-0.020

4000 3500 3000 2500 2000 1500 1000
Wavenumber [cm™]

Figure 68: Baseline corrected spectra of atmospheric fluctuations within one hour of purging with a 25 % valve
opening (VO) at V1. V2 and the APS inlet were set to 5 L min“%. The color gradient from yellow (t = 0) to dark blue
(t = 60 min) indicates the progression of measurement time. A spectrum was recorded every 2 min.

The baseline corrected spectra for a 25 % VO are given in Figure 68. Over the course of time,
more water is removed from the beam path, resulting in an increase of the negative intensity of
the rotational-vibrational bands of H.O(). For CO-, no clear time-dependent behavior is visible
in the spectra. The absolute changes in the spectra were not used for the evaluation for several
reasons. First, the purge is not meant to remove all CO; and H.O but to ensure constant at-
mospheric conditions for the measurement, meaning that no fluctuations are observed. It is
consistent with the design of the experiment, that at the beginning of the purge, the change in
CO; and H20(g) is more pronounced than after the purge somewhat stabilizes the atmosphere.
Second, it should be noted that the initial state of the measurement is not well defined. The
enclosure was opened for 30 min before the experiment to achieve an initial state corresponding
to atmospheric conditions. However, these conditions strongly depend on the laboratory atmos-
pheric conditions, e.g. the air humidity or the strength of the room ventilation which both vary
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in between measurement days. Therefore, the absolute changes of different measurements
cannot be compared as they refer to different initial atmospheric conditions.

Therefore, for further evaluation of the spectra, the successive spectra of each measurement
were subtracted from each other resulting in difference spectra that indicate the change of the
atmosphere over time. The resulting difference spectra for the example of 25 %VO measure-
ment are shown in Figure 69. The 60 min spectrum (darkest shade of blue) corresponds to the
artifacts in a spectrum calculated from a BGSC and a SSC recorded within 2 minutes of each
other after a N, purge of 60 min.
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Figure 69: Result of subtraction of subsequent spectra. The absorption bands visible in this graph correspond to the
artifacts which after the respective purging time for BGSC and SSC obtained within 2 min of each other. For exam-
ple, the darkest blue line corresponds to the artifacts after 60 min of N2 flushing for BGSC and SSC obtained within
2 min of each other.

No residual CO, and H,O( bands should be visible in the subtracted spectra when the atmos-
pheric composition is perfectly stable and no fluctuations occur. To simplify the comparison,
the three relevant wavenumber regions corresponding to the absorption bands of CO, (2400 —
2240 cm™) and H20( (4000 —3400 cm™ and 2000 — 1350 cm™) were integrated. The line
passing through the boundary points of the integration was used as the local baseline. The
obtained absolute area was plotted against the time, as shown in Figure 70 for 25 % VO. The
absolute area was chosen over the integral because it represents the artifact size. Large artifacts
can obscure small peaks thereby complicating their analysis. In the diagram of the absolute area
plotted against the measurement time in Figure 70, the trend already indicated by the subtracted
spectra can be extracted more easily. The absolute area of the CO- fluctuations is not influenced
by the N, purge. This indicates that the N, flow contains enough CO, to cause small fluctuations
independently of the purge. However, the CO; band is limited to a wavenumber region where
only a small number of bonds absorb IR light. Therefore, in the following subchapters, the CO-
fluctuations are not further analyzed. The analysis is concentrated on the water bands, as they
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overlap about 41 % of the available spectral range in the Rheo-FTIR (water vapor bands: 4000 —

3400 cm™ and 2000 — 1350 cm™, spectral range of Rheo-FTIR: 4000 — 1000 cm™). In Figure
70, the two wavenumber regions of H.O(g) show differences in their absolute area but exhibit the
same trend. The concentration of water vapor changes rapidly in the beginning of the experi-
ment, then levels off and fluctuates around a non-zero value. If a perfectly stable atmosphere
would be reached, the integrated absolute area should level-off to zero indicating a constant
atmospheric composition. The non-zero value however indicates that no stable atmosphere was
reached within 60 min. However, it seems that a steady state of constant change is reached after
20 min meaning that the atmosphere changes at a low, but constant rate. This constant change
rate means that after 60 min of N, purge, H.O( artifacts are present if a BGSC and a SSC are
taken within 2 min of each other. In a long-term measurement of a series of spectra, these arti-
facts could sum up over the course of time, obscuring more sample peaks. Therefore, if the
optimum of a change rate of zero cannot be reached, this plateau value should be minimized to
obtain H.Og) artifacts which are as small as possible.
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Figure 70: Absolute Area obtained by integration of three different wavenumber regions plotted against the meas-
urement time. The chosen wavenumber regions correspond to the absorbance bands of CO2 (2400 — 2240 cm™, red
triangle) and H20() (4000 — 3400 cm and 2000 — 1350 cm'%, blue squares).

To compare the quality of different purge parameters, e.g. different flow rates due to different
VO, the mean plateau value of the absolute area in the time range of 30 — 60 min and its stand-
ard deviation were determined for the H,O( bands at 4000 — 34000 cm™. These bands are
representative of the water vapor concentration change. The mean value represents the average
area of the artifacts and is therefore a measure of merit of their size while the standard deviation
represents the fluctuation around this value. A small mean value therefore corresponds to small
H20(g) artifacts.
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Figure 71: The mean plateau value of the absolute area within the time frame of 30 — 60 min and its standard
deviation are plotted against the valve opening of V1 for the first design iteration full enclosure (FE), which was
varied between 25 % and 100 % while V2 and the APS inlet were set to 5 L min%. The V1 opening of 0 % corre-
sponds to a fully closed cubic enclosure without any N2 flow with all Nz inlets being closed. As a reference, the mean
value of an open atmosphere (no enclosure) is given as a blue line. The light blue box represents its standard devia-
tion.

To optimize the N purge, the opening of V1 was varied between VO =25 % and VO =100 %
while V2 and the APS inlet were set to 5 L mint. In addition, the closed cubic enclosure with
three closed inlets and consequently no N2 flow was tested. The results are labelled as V1 open-
ing of 0 % in Figure 71. The obtained values are referenced to an open atmosphere measure-
ment whose mean plateau value is indicated as a blue line in Figure 71. Its standard deviation is
represented by the light blue box. This diagram shows that the Rheo-FTIR enclosure without
any air flow already stabilizes the atmospheric composition in comparison to the open atmos-
phere. This is indicated by the reduced plateau value and standard deviation of VO 0 % relative
to the results of the open atmosphere measurement. Within the uncertainty of the measurement,
the size of the artifacts is not reduced by the N, purge in comparison to a closed enclosure
without gas flow. However, the fluctuations are reduced by approximately 30 % due to the N;
flow, indicating that the atmosphere within the enclosure is less fluctuating. However, this
effect seems not to correlate with the valve opening. This means that any N, flow stabilizes the
atmospheric composition the same independently of the flow rate. However, no tested configu-
ration of gas flow parameters achieved a completely stable atmosphere in the beam path.

In conclusion, the FE design is a straight-forward design. The evaluation of different flow
parameters shows that the enclosure in general reduces fluctuations in the atmospheric composi-
tion. This effect is however independent of the N, flow rate. For all tested configurations, the
desired constant atmospheric composition could not be achieved within 60 min. This could have
several reasons. First, the used N, gas might not be completely dry or fluctuate in its composi-
tion. It is generated by an N> generator within the building (INMATEC, PN1550 OG). PSA
technology guarantees dry N, - purity of 99,6 % which is monitored by analytical instruments in

109



5 Rheo-FTIR — Development and Application of a Versatile Tool to Investigate Chemo-Rheological Relationships

the generator. Therefore, it is assumed that possible water impurities in the N2 gas flow are
unlikely to cause the observed, rather strong fluctuations. Second, the FE is constructed from
interlocked aluminum sheets. Small gaps (<1 mm) are left open at the joints. Air from the
laboratory might be drawn into the enclosure, causing constant fluctuations in the atmosphere
composition inside the enclosure. It is assumed that the N, flow creates an overpressure inside
the enclosure preventing air from entering the FE. Third, the purging time was chosen too short.
The data displayed in Figure 70 can also be interpreted that no true plateau value is reached.
This means that the rate of purging is slowed down after 20 min but continues to approach zero
and would reach the optimum eventually. Therefore, the gas flow has to be applied long enough
to completely purge the entire volume of FE. In order to achieve this, either the purging time
could be increased or the volume to be purged can be reduced. The second option was realized
in the second design approach: the beam path purge (BPP).

5.4.2 Second Design Approach: Beam Path Purge

In the first design iteration, the straightforward full enclosure (FE), the optimum stable atmos-
phere could not be reached. The data indicates that after 60 min, substantial fluctuations in the
atmosphere composition lead to non-negligible artifacts. As possible cause, it was assumed that
a purging time of 60 min is not sufficient to purge the complete volume of the FE and stabilize
the atmospheric conditions. One possible solution would be to increase the time of the N purge
before the experiment is started. This would be analogue to offline FTIR instruments like the
Vertex 70, for example, which has to be purged with dry pressurized air for 12 - 24 h after
opening to ensure artifact-free spectra. In the FE design, prolonging the purging time is not
possible due to the current design of CE2. CE2 needs to be removed completely to fill the LN2-
Dewar of the MCT detector which is necessary for its functionality. That means, that if the FE
would e.g. be purged with N, for 12 h overnight, the detector cover CE2 would have to be
removed to refill the MCT Dewar. This would consequently obliterate all effects of the N>
purge. A possible solution would be to incorporate an LN2-filling nozzle to CE2 to enable
refilling of the MCT Dewar without removing CE2, therefore allowing for longer purging times.
However, the incorporation of a filling nozzle to CE2 is complex as it has to guarantee that no
LN2 is spilled within CE2. Since the MCT Dewar has no level indicator, overflow of the MCT
Dewar indicates that it is filled to its capacity. Spilled LN2 inside CE2 could be trapped within
corners or joint lines of CE2. The local temperature reduction could lead to tension and poten-
tial failure of the material.

An alternative to prolonging the purging time is to improve the efficiency of the N, purge by
reducing the volume which has to be purged, thereby reducing the needed purging time. This
was realized in the second design iteration, the beam path purge (BPP) which is displayed in
Figure 72. In this design, the beam path is enclosed within tubes which each have a N, inlet.
These tubes are attached to the side walls of CE1. This concentrates the gas flow to the volume
of the IR beam which should increase its efficiency. Moreover, the BPP keeps most of the beam
path enclosed and purged during sample loading through the acrylic glass door of CE1. Thus, it
also reduces the volume for potential fluctuations which in turn should improve the stability of
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the N2 atmosphere. Therefore, the BPP design does not only address the challenge raised in the
previous chapter but also conquers the practical challenge of fluctuations caused by opening the
enclosure during sample loading.

The volume of the beam path enclosure was reduced by introducing polyvinylchloride (PVC)
tubes to CE1 which are purged via direct N; inlets. Each tube has a volume of approximately
0.24L (d=3.6cm, L =24 cm) in comparison to the volume of CE1 of 17.6 L (L =24.5cm,
W =30cm, H =24 cm). Tube 1 (T1) encloses the beam for the distance from the spectrometer
to parabolic mirror M1, while tube 2 (T2) encloses the beam from the parabolic mirror M2 to
the window leading to the flexible tube. The beam is not enclosed in between M1 and M2 and is
therefore not directly purged in this volume. However, since CEL is kept closed, it is assumed
that this beam path is purged passively by the gas flow from the tubes which is deflected by the
mirrors. The proposed gas flow is also incorporated in the scheme in Figure 72.

Figure 72: a) Picture of PVC tubes T1 (back) and T2 (front) of the beam path purge (BPP) design. B) Schematic
illustration of the BPP in top view. Tube T1 covers the beam path from spectrometer to the parabolic mirror M1,
while tube T2 encloses the beam path from the parabolic mirror M2 to the window towards the flexible tube.

Two hoses of the same diameter of 6 mm and length connect the two inlets of T1 and T2 with
the inlet in the back of CE1. Consequently, the flow rate in the tubes is controlled with V1. The
flow rate in one tube corresponds to half the flow rate at V1. To optimize the gas flow in the
BPP design, the V2 and the APS inlet were set to 5 L min, while the V1 opening was varied
between 25 % and 100 % similarly to the investigations on the FE design in the previous chap-
ter. The data presented in the following was obtained during the bachelor thesis of Yago Ro-
drigues Melges [206]. The evaluation of the data was revised to be consistent with the other data
presented in this chapter. The data was evaluated in the same manner as for the FE design by
subtracting the successive spectra of each other, integrating the area corresponding to the ab-
sorption bands of H,O) at 4000 — 3400 cm, plotting the absolute area against the time and
determining the average absolute area and its standard deviation for the time frame of 30 -
60 min. The results are displayed in Figure 73 in comparison to the FE design.
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Figure 73: Comparison of the two enclosure designs FE and BPP. The y-axis is discontinued from 0.5 to 0.8 for
better readability. The BPP design substantially increases the water fluctuations both in comparison to the FE design
as well as to open atmosphere measurements.

As can be seen in Figure 73, the BPP results in considerably larger artifacts on average com-
pared to the FE purging and measurement under open atmospheric conditions. Moreover, the
fluctuations around the mean artifact area are significantly higher, which is reflected in the
substantially increased standard deviations. The smallest mean absolute area and thus the opti-
mum of the tested gas flow conditions is achieved for a V1 Opening of 100 %. However, the
hereby obtained optimum only corresponds open atmospheric conditions. It can be concluded
that the BPP design leads to more fluctuations inside the beam path and therefore to more
artifacts on average than the FE design. Several hypotheses may account for this observation.
The direct gas inlet at the tubes might introduce increased fluctuations by turbulent gas flow
directly in the optical beam path, thereby affecting the spectra more strongly than a N inlet that
is not located in spatial proximity to the beam like in the FE design. Another explanation could
be that the gas flow from the tubes is not sufficient to purge the unpurged volume remaining
between M1 and M2. Alternatively, the tube design could facilitate the entrainment of a larger
amount of condense water from the exterior of the MCT detector into the beam path, which
would likewise result in enhanced fluctuations. This last hypothesis of condensed water being
transported into the tubes was addressed in the next design iteration: the introduction of a vent
to the BPP design.
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5.4.3 Third Design Step: Introduction of a Vent to the Beam Path
Purge

The data obtained for the BPP indicates that condensed water from the MCT detector may be
entrained within T2, causing stronger fluctuations than in the FE purge. To address this effect,
the BPP design was extended by incorporating an orifice at CE2 that serves as a vent. This
modification should establish a gas flow that is largely located inside CE2, with N entering at
the inlet of CE2 and exciting through the vent. To realize this design concept, three orifices
were introduced on the front side of CE2: one at the top, one at mid-height aligned with the
mirror as well as the inlet and one at the bottom. A picture of the CE2 front side with the three
orifices as well as a schematic illustration of the set-up including the proposed gas flow are
given in Figure 74.

Figure 74: a) Picture of BPP including three vents at CE2. The vents are referred to by their position as top, mid-
height and bottom vent. b) Schematic illustration of vBPP. The vent is supposed to create a separate gas flow through
CE2, transporting potential condensed water through the vent instead to CE1.

To optimize the position of the vent, one of the orifices was left open while the other two were
sealed with tape. With this configuration, a 60 min atmospheric measurement analogue to the
experiments in the previous chapters was conducted. These experiments were carried out within
the bachelor thesis of Y. Melges [206]. In these measurements, V1 opening was chosen for
75 % and V2 and the APS inlet were set to 5 L min™ which was determined to be the optimum
conditions for the BPP set-up in the work of Y. Melges [206]. From the revised data in Figure
73 (p. 112), the minimum artifacts size and therefore the optimum gas flow conditions would be
obtained with a V1 Opening of 100 % and a gas flow at V2 and the APS inlet of 5 L min™.
However, the difference between the VO of 75 % and 100 % is within the uncertainty of the
measurement, therefore the choice of a V1 opening of 75 % stays valid. A spectrum was ob-
tained every 30 s without any delay in between spectra.

The evaluation of this experimental data was revised to be consistent with the previous chapters.
Instead of the artifacts of the whole spectrum, only the H.O bands at 4000-3400 cm® were
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considered in the evaluation, similar to the previous chapters. Thus, the trends presented here
differ from the trends published in [206].
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Figure 75: Absolute area of water signal at 4000 — 3400 cm! plotted against purging time for the three vent positions
top (orange square), middle (blue circle) and bottom (green triangle).

The absolute area of the H,O bands at 4000-3400 cm™ is plotted against the purging time in
Figure 75 for the different vent positions. The average of the absolute area in the time frame of
30 - 60 min and its standard deviation for the different vent positions are summarized in Table
12. The smallest artifact size and the least fluctuations were obtained for the top vent position.
However, the differences between the different vent positions are within the uncertainty of the
experiment. The comparison to the previous design steps FE and BPP shows that the introduc-
tion of a vent does not significantly improve the purging efficiency. The FE design still resulted
in the smallest artifacts and the least fluctuations.

Table 12: Mean absolute area Aso-60 in the time frame of 30 to 60 min in dependence of the vent position. The opti-
mum values obtained for the FE and the BPP design are given for comparison.

FE, BPP,
V1at75% | V1at100 %

0.07+0.036 | 0.115+ 0.084 | 0.089 * 0.065 0.116 +0.088 0.122 £ 0.117

Top Vent Mid-height Vent | Bottom Vent

As0-60
[a.u. cm™]

Due to the difference in data evaluation, in the reference work, the mid-height vent was deter-
mined as the optimum position for the vent in [206]. Thus, the optimization of the flow condi-
tions was carried out at the mid-height vent with the other vents sealed. The flow rate at V2 was
varied between 5 L min** and 15 L min. The results are summarized in Table 13.
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Table 13: Variation of flow rates at V2, revised data from [206].

FE, BPP, 5 Lmin?, 10 Lmin?, 15 Lmin?,
V1at75% | V1at100 % Mid. Vent Mid. Vent Mid. Vent
[a ﬁgoc'ﬁ:]_l] 0.07 +£0.036 | 0.115+0.084 | 0.116 £0.088 | 0.115 + 0.076 | 0.086 + 0.062

5.4.4 Next Possible Design Steps

In conclusion, none of the three tested designs maintained a stable atmosphere without H,O-
fluctuations within the 60 min test period. As the FE design is easier to handle during measure-
ments and gives better results in the gas purge experiments, it should be used as the base of
future designs optimization. The sealing of all joints in the enclosure should improve the effi-
ciency of the gas flush and help to create a stable atmosphere within a reasonable time frame.
Especially the connection of the flex tube between CE1 and CE2 has to be revised. In the cur-
rent design, the flex tube is simply connected by slotting the ends into a gap between metal
sheets. If it is not properly installed, gaps of up to 1 mm can occur. Moreover, the hole in CE1
towards the spectrometer should also be sealed. This can be realized by mounting the side wall
of CE1 directly to the spectrometer with a seal in between. Implementing these measures is
expected to increase the efficiency of the gas flush and achieve a stable atmosphere more rapid-

ly.

The introduction of a liquid nitrogen filling nozzle is inevitable. The refilling of the MCT Dew-
ar without removing CE2 would allow for purging times exceeding the maximum run time of
the MCT detector. Longer purging times could be beneficial for the formation of a stable at-
mosphere within the enclosure. Commercial instruments like the Vertex are recommended to be
purged for 12 — 24 h after opening to ensure a stable atmosphere. It has to be considered, how-
ever, that the length of the filling nozzle defines the distance between MCT Dewar and top of
CE2. This would limit the set-up to a specific detector size. Moreover, a mechanism to seal the
filling nozzle would be needed in case the Rheo-FTIR is to be used with the thermoelectrically
cooled MCT (TE-MCT). A sealed set-up and a LN2 filling nozzle would allow the use of drying
agents e.g. zeolite or CaCl, within the enclosure. These drying agents can remove water from
the instrument atmosphere. If water is completely removed, fluctuations are eliminated, as
shown in the work of T. Beskers [199]. However, the use of a drying agent requires a sealed set-
up as air exchange through gaps would lead to H,O fluctuations because the air exchange with
the surrounding laboratory occurs faster than the removal of water from the atmosphere. In
addition to improving the FE design, a flow meter could be incorporated to V1 to allow a more
precise optimization of the gas flow rate. Moreover, the ratio between the gas inlet and the
enclosure size should be revisited and compared to commercial instruments. Furthermore, future
investigations on the atmospheric conditions need to consider the surrounding laboratory condi-
tions. The humidity as well as the strength of the laboratory ventilation vary in between meas-
urement days, which has been observed both during IR measurements as well in the studies on
cement rheology (compare chapter 3.2, p. 51). Therefore, the atmospheric investigations should
be repeated on several measurement days to ensure a stable atmosphere can be achieved inde-
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pendently of the surrounding laboratory atmosphere. To address the CO; fluctuations, the N
purge could be changed from the generator with 99.6 % purity to N. gas cylinders of higher
purity of 99.999%.
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5.5 Time-dependent Investigations on Ettringite
Formation Under the Influence of Highly Charged
Polymers

The results presented in the following subchapter are part of a publication [22].

5.5.1 Ettringite Formation in Ordinary Portland Cement at early
Hydration States Monitored via Rheo-FTIR

In the hydration of ordinary Portland cement (OPC), two reactions dominate: the silicate and the
aluminate reaction [59, 63] (see chapter 2.2.2, p. 15). During the early stages of the aluminate
reaction, CsA dissolves rapidly and reacts with sulfate to form ettringite. The continuous precip-
itation of ettringite during the early hydration of OPC markedly influences rheological proper-
ties, such as viscosity and thixotropy [68, 113, 207]. Consequently, both gualitative and quanti-
tative investigations on ettringite formation and its relation to the rheological evolution during
cement hydration are of great interest.

In this study, ettringite formation was monitored with our unique in-situ Rheo-FTIR set-up. The
measurements were conducted in 2023 during an intermediate stage of the modifications on the
set-up. Consequently, the sensitivity was not fully maximized yet. The measurements were
conducted with a five times improved sensitivity in comparison to the initial set-up [22].

CaaA|EOE +3 CEISO4 ’ EHzo + 26 HQO‘ — [CaSAI(OH)G]E - (504)3 - 26 HQO S
j AL
e QS

Ettringite @‘\%‘ @

Figure 76: Reaction equation of ettringite formation in sum formula with a schematic representation of the S-O-
stretching (vs) vibration in a sulfate molecule. It should be noted, that the charge of the sulfate ion (S04%) was
neglected in the schematic drawing for simplicity.

During ettringite formation, sulfate from the pore solution is bound within the newly formed
mineral. This is expressed in the general chemical formula in Figure 76. The hydration of OPC
(w/c = 0.4) was monitored during the first hour of hydration. One FTIR spectrum was recorded
every 14.5 seconds (40 kHz, 64 scans). The structural build-up of the cement paste was fol-
lowed via an oscillatory time sweep. The strain was chosen at y, =0.01% to obtain a linear
deformation, which would not disturb the formation of percolation paths during the structural
build-up [114].
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Figure 77: a) IR spectra of pure water as well as two spectra of cement paste, corresponding to the begin of the
measurement (to = 14.5 s) and the end of the measurement (tend = 3100 s). b) Absorbance (peak maximum) at
1112 cm* averaged over three measurements as well as the averaged loss and storage modulus are plotted as a
function of measurement time for cement paste obtained online using the Rheo-FTIR setup.

Figure 77 presents the FTIR spectra of the cement paste measured immediately after mixing and
after one hour of hydration, together with a water spectrum used as a reference. The sulfate
vibration appears as a characteristic peak at 1 112 cm [208, 209]. Sulfate is present in different
cement phases such as gypsum or ettringite as well as dissolved in the cement solution. Jakob et
al. employed the same CEMI 42.5 R for in-situ XRD studies [95]. They observed that, after the
initial dissolution, the concentrations of all sulfate containing solid phases remained constant
whereas the amount of ettringite increased. The ettringite concentration shows a limited growth
behavior in both the aforementioned in-situ XRD studies as well as our FTIR investigations
[95]. We therefore attribute the change in the sulfate peak intensity to the formation of ettring-
ite. The normalized absorbance at 1112 cm™ was plotted as a function of time, which is dis-
played in Figure 77 b), and averaged over three independent measurements. The absorbance
increases exponentially at first and reaches a plateau after roughly 1 500 s. In the same figure,
the average values of G” and G”” measured during the structural build-up of the cement paste are
shown.

In general, the absorbance is directly proportional to the concentration, which is expressed by
the Lambert-Beer-law [185]:

A=c¢lc (5.3)

where A is the absorbance, ¢ the molar extinction coefficient, c the concentration of the absorb-
ing species and | the optical path length. The molar extinction coefficient is proportional to the
absorption cross section of the sample [185]. Due to the accumulation of absorbing molecules in
solid state, we assume that ¢ (ettringite) >> ¢ (SO444%) and thus interpret changes in the meas-
ured absorption as changes in ettringite concentration.

The normalized G’ was plotted against the normalized absorbance in Figure 78. This is equiva-
lent to the solidification of the cement paste in dependence of the ettringite content. Two re-
gimes can be identified from the graph. In the first regime, the slope of the G’ increase accord-
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ing to a power law scaling of 1.5. In this regime, the ettringite build-up is almost proportional to
the solidifying of the cement slurry. After a critical concentration of ettringite is reached (in our
case at a normalized absorbance for large times, Anorm := A/A(t = ) = 0.3), the solidification is
accelerated and G’ increases by the power law exponent of 3. This transition is linked to the size
of the precipitated ettringite particles. Initially, small nuclei of ettringite are formed which
continue to grow during the precipitation [210]. When they exceed a certain size, they act as
contact points which are needed to form percolation paths. These percolation paths lead to the
accelerated rigidification of the cement sample [97].

1 .
<& S-0 vibration in ettringite (1112 cm™)
3.0

T 0.1- 2
- {}
o of :
£ S

2 7
0.01 1.5 E
o :
> ]
0.001 - E
0.01 0.1 1

norm. absorbance [-]

Figure 78: Normalized, time dependent storage modulus as a function of the normalized, time dependent IR absorb-
ance @ 1 112 cm! of fresh cement paste.

5.5.2 Synthesis of Highly Charged PMAA of Different Topologies

Numerous earlier studies have shown that polymers, most notably the widely used superplasti-
cizer PCE (see chapter 2.4, p. 29), affect the ettringite formation [164, 165, 211, 212]. More
recent work suggests that the quantity of ettringite formed is dependent of the charge density in
the PCE molecule [113]. To explore this effect, the hydration of cement pastes under the influ-
ence of highly charged polymers similar to PCE was investigated. To mimic PCE with a high
charge density, two model systems of pure polycarboxylate were synthesized: a linear and a
PMAA star as summarized in Figure 79.

The linear PMAA was synthesized via reversible addition-fragmentation chain transfer (RAFT)
polymerization, following the work of Pelet and Putnam [213]. The use of a dithio- or trithio-
carbonate chain-transfer agent in RAFT ensures an equal distribution of the chain growth prob-
ability among all polymer chains. Consequently, RAFT possesses many synthetic advantages,
including the ability to synthesize defined structures with a polydispersity (PDI) of 1.3 to <1.1,
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as well as a high flexibility in reaction conditions including the use of protic solvents, e.g. water
[26]. Therefore, RAFT was chosen for the synthesis of linear PMAA as a simple, straightfor-
ward one-step approach with a high control over molecular parameters.

a) Synthesis of linear PMAA
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Figure 79: Synthesis of the investigated a) linear and b) star shaped PMAA.

Additionally, a PMAA star was synthesized. A star polymer represents the simplest branched
structure and therefore serves as a model system for the more complex branched PCEs. The
PMAA star was prepared by living anionic polymerization (see chapter 2.1.2, p. 6). This living
polymerization was chosen for the star synthesis because the reaction proceeds without side
reactions such as recombination or disproportionation. Consequently, no additional purification
of the product was needed as it would be the case for a star synthesis via RAFT polymerization.

Due to the incompatibility of the anionic propagating species with the acidic carboxyl group of
PMAA, tBMA was used as a precursor monomer for the polymerization. Living tBMA chains
were synthesized and linked by the addition of the crosslinker EGDMA. The polymerization
was stopped by the addition of methanol. In a consecutive reaction step, the precursor is hydro-
lyzed to form the desired free carboxylic groups which is necessary to make the molecule water-
soluble. A further addition of base allows to charge the polymer by deprotonation of the car-
boxylic group. The two PMAA model systems were characterized via size-exclusion chroma-
tography (SEC). The weight average molecular weights as well as the dispersity of the model
systems are summarized in Table 14.
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Table 14: Mw and PDI of the PMAA model systems (obtained by SEC; *PDI = Mw/M, and My obtained from dRI-
detector, 2Mw calculated from MALS detector, calculated with dn/dc(PtBMA) = 0.075 mL/g [214]).

Polymer Molecular Weight PDI*
Linear wt = 22.000 g/mol 1.30
Star Mw2(SC, PtBMA) = 18.000 g/mol 1.05
Mu? (star, PtBMA) = 77.000 g/mol 1.28

5.5.3 Ettringite Formation in the Presence of Highly Charged PMAA

To evaluate the impact of the self-synthesized PCE model systems on the ettringite formation,
each polymer was added to ordinary Portland cement (OPC) at a fixed dosage of 0.5 wt.%
normalized to the mass of dry cement (compare chapter 4, p. 61). This concentration lies within
the typical dosage range for commercial PCEs < 2 wt.% [8]. The PMAA-based polymers were
dissolved in the mixing water before the mixing of the cement paste using the direct-addition
protocol. Direct addition of PCE is known to have an accelerating effect on the onset of the
aluminate reaction [126], which is often accompanied by an increased ettringite precipitation
leading to an increase in the specific surface area [211].

All measurement conditions were identical to those applied for plain cement pastes. The time-
dependent absorbance of the ettringite peak at 1 112 cm™ was monitored as well as G’ and G
during the structural build-up.
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Figure 80: (a) Normalized absorbance of ettringite vibration @ 1 112 cm™ and (b) Storage modulus (closed symbols)
and loss modulus (open symbols) of plain cement paste and the cement paste with added linear and star-shaped
PMMA.

As shown in Figure 80 (a), the normalized adsorption slightly increases in the presence of
PMAA polymers. Moreover, the addition of polymer has a prominent effect on the structural
build-up of the pastes. G’ rises rapidly and reaches its plateau value approximately 1000 s
earlier than in polymer-free cement pastes. This shift in the evolution of G cannot be directly
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linked to the absolute amount of ettringite because no internal standard of known concentration
was employed. Instead, the ettringite concentration is expressed by the ratio of the sulfate-peak
absorption (¥ =1 112 cm™) to the peak absorbance related to water (¥ = 3380 cm™). This ratio
was calculated for each recorded spectrum and correlated with the evolution of G’ to examine
how the structural build-up depends on to the concentration of precipitated ettringite.
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Figure 81: Storage modulus shown as a function of the absorbance @ 1 112 cm™* (ettringite) normalized to the
absorbance @ 3380 cm™ (water).

As shown in Figure 81, all samples show a similar behavior in the evolution of G’ with increas-
ing ettringite concentration. The storage modulus increases fast until a plateau is reached at
2-10° Pa. The increase of G* was fitted with a straight line, its gradient corresponding to the rate
of rigidification [40]. The rate of rigidification is the highest for the linear PMAA and lowest for
the star. For both samples containing the polymer, G’ is increased at lower ettringite concentra-
tions than for plain cement paste. This indicates that less ettringite is necessary in the presence
of polymer to form a percolation network that leads to a G’ increase [97, 114]. This effect has
two possible reasons. Firstly, since rather big polymers were synthesized, one possible explana-
tion for this effect is that the polymers are adsorbed to more than one cement particle. There-
fore, they act as bridges between particles and accelerate the formation of a percolation network
[215]. Both polymers are assumed to have similar hydration radii due to their similar molecular
weights. The linear PMAA has a degree of polymerization P, of 255 in comparison to 226 of
one sidechain in the PMAA star. However, branched structures such as stars have a smaller
radius of gyration than linear chains of the same Pn. Thus, the linear polymer is more likely to
adsorb to more than one cement grain if compared to the star shaped polymer. Therefore, the
rate of rigidification is higher for the linear polymer than for the PMAA star. Second, the G’
increase could also be related to the morphology of the precipitated ettringite. In FTIR spectros-
copy, the absorbance is proportional to the concentration of the investigated compound. How-
ever, no information about the morphology of the precipitated ettringite can be obtained. Differ-
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ent studies indicate a change in the morphology of ettringite in the presence of highly-charged
PCE [165, 216]. Therefore, the same amount of substance of ettringite could be precipitated in
more and finer particles in the presence of polymer than in plain cement pastes. A higher
amount of initial fine ettringite increases the number of contact points, resulting in a faster
formation of a percolation network [113].
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5.6 Conclusions and Outlook

The Rheo-FTIR set-up is a powerful and versatile tool to investigate the correlation of chemical
changes and the macroscopic rheological behavior. The experimental set-up was initially devel-
oped by Radebe et al. in 2021 within this working group [20, 21]. While this initial set-up
proved to be sufficient to investigate the reaction kinetics of poly(acrylic acid) hydrogels [20],
its sensitivity was not fully maximized yet. Therefore, several set-up modifications are reported
in this work which were implemented to increase the sensitivity of the integrated FTIR spec-
trometer and facilitate the use of the whole set-up. Technical changes to improve the handling
and extend the versatility of the Rheo-FTIR included reversing the beam path and the redesign
of the lower geometry. More precise positioning of optical components and improved beam
path alignment were achieved through reconstruction of the table and incorporation of an addi-
tional adjustment screw in the redesigned mirror ring system. In addition, the upper geometry
was shortened, and the cross-hatched shaft was replaced with a cylindrical shaft to minimize the
torsion compliance of the geometry. Moreover, the new upper geometry allows the use of an
additional temperature sensor within the cylindrical shaft.

The reported modifications lead to a substantial sensitivity (SNt*2) increase by a factor of 63 by
improving the optical throughput 8. The increase in 6 was indicated by an increase in the ADC
count, which is a measure included in the OPUS software reflecting the intensity obtained at the
detector. In the previous work of Radebe et al., ADC counts of 8 000 — 16 000 a.u. with ten
times preamplification were reported [21]. The improved set-up now allowed for reproducible
ADC counts of 25 000 a.u. without preamplification. Moreover, the modifications reduced the
set-up time of the modular Rheo-FTIR from approximately 1 h to 15 min. The sensitivity can
probably be further increased by redesigning the ATR crystal to reduce its size. Reduction of the
path length within the silicon would reduce the loss of signal by IR absorption of the crystal’s
phonon vibrations [142]. Moreover, reducing the size would lead to a decrease in cost, which in
turn would allow to explore other possible ATR crystal materials such as ZnSe, Ge, or diamond,
which are transparent in the whole mid-IR range (4000 — 400 cm™). While advantageous, their
application needs to be considered with regard to possible safety implications, as e.g. ZnSe
releases toxic fumes at pH values below five and above nine [142]. Moreover, the addition of a
mechanism to precisely position and fix the orientation of the spectrometer is expected to fur-
ther increase the sensitivity and the reproducibility of spectral quality. As highlighted in chapter
5.3 (p. 97), the SNR improvement extends the applicability of the Rheo-FTIR to investigations
at elevated temperatures up to the Advanced Peltier System (APS) temperature limit of 150 °C.
The heat cover developed by Xu et al. [204] improved the temperature stability of both sample
and upper geometry. Future work will focus on investigations of reaction kinetics at elevated
temperatures, like rubber curing. To further extend the scope of applications, polarization filters
could be added to the beam path of the Rheo-FTIR. These filters would enable investigations of
shear-induced effects, such as the orientation of functional groups [198].

Gases like carbon dioxide (CO,) and water vapor (H2O(g) strongly absorb IR light. Fluctuations
in their concentration within the beam path can lead to artifactual absorption bands which can
obscure sample peaks. This is especially challenging in long-term measurements in which these
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artifacts can sum up over time, creating large absorption bands. Commercial FTIR spectrome-
ters usually address this challenge by enclosing the beam path and purging the instrument with
dry pressurized air of defined composition or nitrogen to stabilize the atmosphere within the
instrument. In chapter 5.6, this concept was implemented to the Rheo-FTIR with three different
enclosure designs for the Rheo-FTIR: the full enclosure (FE), the beam path purge (BPP) and
the vented Beam Path Purge (vBPP). The three designs were tested for their efficiency in stabi-
lizing the atmosphere within 60 min of purging time. The time frame was chosen due to the
limits of the MCT Dewar size. In conclusion, none of the tested designs enables the formation
of a stable atmosphere within 60 min. However, the FE design gave the most promising results.
Therefore, this design needs to be improved by sealing the joints, installing a flow meter at V1,
and most importantly, incorporating an LN2 filling nozzle to improve the efficiency of the
purge. In addition, drying agents like zeolite or CaCl; could be used to remove water from the
instrument’s atmosphere.

The Rheo-FTIR set-up was applied to investigate the chemical changes in cement pastes in early
hydration stages. The experiments on plain cement pastes showed that the Rheo-FTIR set-up
was suitable for conducting in-situ studies of ettringite formation. Moreover, the increase in the
storage modulus was correlated with ettringite content, indicating that solidification is affected
by increasing ettringite concentration. To investigate the influence of PCE-like polymers, two
highly charged model systems were synthesized from PMAA via RAFT and living anionic
polymerization. Their effect on the ettringite formation was investigated within the first hour of
hydration. It was found that the cement pastes containing polymer showed a steeper increase of
G’ at lower ettringite concentrations. The linear polymer has a more pronounced effect com-
pared to the star-shaped polymer topology. This is consistent with the hypothesis that the poly-
mer leads to an increase in contact points without increasing the ettringite content. These con-
tact points might be formed by the polymer itself, which adsorbs to multiple cement particles
and thus act as molecular bridges between them. Moreover, the polymer might alter the mor-
phology of the precipitated ettringite, which leads to more, but smaller sized ettringite particles.
To conclude, physical interactions such as particle interactions are more dominant in the struc-
tural build-up than the formation of ettringite during the first few minutes to the first hour of
cement paste hydration.
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This work addresses the effect of superplasticizers in cement pastes at early hydration states,
with a focus on their influence on rheological properties and formation of ettringite. The three
main parts concentrate on the development of a measurement procedure for a reproducible
rheological characterization of cement pastes, the synthesis of a series of Poly(carboxylate
methyl-oxazoline) (PCMOxa, IUPAC: poly(2-methyl-2-oxazoline)-graft-poly(methacrylic
acid)) comb polymers as an alternative to the most prominent superplasticizer poly(carboxylate
ether), as well as the sensitivity improvement and the application of a homebuilt Rheo-FTIR set-
up for an investigation on the early hydration of cement paste in the presence of highly-charged
poly(methacrylic acid) (PMAA).

In chapter 3, a reproducible and reliable rheological protocol for determining the yield stress of
cement pastes by rotational rheometry was developed. Five different geometries were systemat-
ically compared. Among these, a 50 mm plate-plate (PP) geometry with a 600-grit sandpaper
glued to the surface with cyanoacrylate glue delivered a yield-stress value of 46 +7 Pa, which
was closest to the reference spread-flow result of 42 Pa while maintaining laminar flow condi-
tions. Key experimental parameters were systematically optimized to improve the reproducibil-
ity, resulting in a final measurement procedure that includes a sample age of 15 min, using an
IKA stirrer to homogenize the sample prior to the measurement, application of a pre-shear of
100 s for 60 s, strict control of water (10+ 1 °C) and ambient temperature (22 + 1 °C), and an
increase of the prepared sample mass from 10 g to 100 g of dry cement per measurement. The
validity of this optimized procedure was confirmed by its ability to reproduce characteristic
cement paste flow curves. Moreover, the inverse-fifth-power correlation between yield stress
and spread-flow diameter [107, 108] could be confirmed for a series of different water-to-
cement mass ratios (wi/c-ratio). The protocol also successfully captured the characteristic S-
shaped reduction in yield stress with increasing superplasticizer dosage. In summary, the opti-
mized rheological protocol provides accurate and reproducible yield stress values that are con-
sistent with spread-flow reference methods and reliably reflect variations in mix design. Conse-
quently, this procedure was used in all rheological characterizations of cement pastes presented
in this work.

Understanding the structure-property relationship of comb superplasticizers is central to design
the molecules for future challenges like low-carbon concrete formulations, which is addressed
in chapter 4. To gain a further understanding of the structure-property relationship, a potential
model system for the commercial poly(carboxylate ether) (PCE) was developed in chapter 4.
PCMOxa consist of a polycarboxylate backbone and poly(2-methyl-2-oxazoline) (PMOxa)
sidechains. PMOxa was chosen as a water-soluble and uncharged alternative to the typical
sidechain polymer poly(ethylene oxide) (PEO). Two different synthetic strategies towards the
comb polymers with PMOxa-sidechains were presented: a grafting-onto and a grafting-through.
The grafting-through approach is also referred to as macromonomer route.
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In the grafting-onto procedure, the backbone is synthesized via anionic polymerization of
tert-butylmethacrylate (tBMA) and successive hydrolysis to obtain linear poly(methacrylic acid)
(PMAA). The living PMOxa sidechains synthesized via cationic ring opening polymerization
(CROP) are grafted to the PMAA backbone via the formation of an ester bond. To verify
whether PCMOxa can function as a superplasticizer, its performance was assessed on a selected
grafting-onto sample. It was shown that PCMOxa can reduce the yield stress in a similar man-
ner and amount as commercial PCE samples. Moreover, a similar yield stress vs polymer con-
centration correlation was obtained. Dissolved organic carbon (DOC) measurements revealed
that the PCMOxa adsorb similarly to conventional PCEs. Consequently, it was concluded that
PCMOxa combs have a similar working mechanism as conventional PCE via the adsorption of
their negatively charged backbone (BB) onto the cement particle surface while the non-
adsorbing sidechains (SCs) create steric hinderance between the particles [8]. The grafting-onto
synthesis combines anionic and cationic synthesis to receive combs with low dispersity and
well-defined molecular weights of both BB and SCs. Therefore, these combs are especially
suited for comprehensive structure-property investigations. In a first attempt to understand the
structure-property relationship of these new comb-superplasticizers, a library of eight PCMOxa
comb polymers was synthesized while systematically varying the number of BB monomers per
sidechain N, the SC length P and the BB length B (for terminology of structural parameters see
Figure 42, p. 65). Thereby, it was shown that PCMOxa exhibits a structure-property relationship
of a similar archetype as PCE. However, the parameter set for a maximum in Agy M2 qageq 1S
shifted to lower P and N values for PCMOxa compared to PCE. This shift might be attributed to
the higher chain stiffness and consequently the increased hydrodynamic radius of the sidechain.
Consequently, PCMOxa combs with shorter or less densely grafted sidechains should exhibit
the highest dosing efficiency. While a direct quantitative comparison of the overall efficiency of
PCMOxa and PCE cannot yet be made, this study represents, to the best of our knowledge, the
first systematic investigation on the influence of sidechain chemistry on the performance of
highly defined, low-dispersity comb-structured superplasticizers.

In addition to the grafting-onto synthesis, a standard grafting-through synthesis or macromono-
mer route developed for PCE [148] was transferred to the synthesis of PCMOxa combs. A
macromonomer was prepared by living cationic ring opening polymerization terminated via an
end-capping reaction with methacrylic acid to obtain a PMOxa-methacrylate (PMOxa-MA)
[162]. *H-NMR confirmed its structure. Subsequent free-radical copolymerization (FRP) of
PMOxa-MA with P =22 and methacrylic acid (MAA) in the presence of the chain-transfer
agent (CTA) 3-mercapto propionic acid (3-MPA) at room temperature yielded the
FRP-PCMOxa comb, as verified by SEC. As a reference, a FRP-PCE comb with PEO
sidechains of a similar length (P = 22) was synthesized using the same synthetic conditions.
Rheological characterization revealed that FRP-PCMOxa and FRP-PCE reduced the yield stress
to a comparable value of g, = 10 Pa, similar to the commercial reference PCE BASF VP14.1.
Notably, FRP-PCMOxa achieved a fivefold greater yield stress reduction than PCMOxa-100-
9x25, which was chosen as a reference because it is the best-performing grafting-onto com-
pound with a yield stress reduction of Ag, = 145 Pa at the dosage of 0.1 wt.% (100 mg polymer
per 100 g of dry cement). Although the exact cause of the increased yield stress reduction of the
FRP-PCMOxa remains unclear, we propose that the higher dispersity and the lower molecular
weight of FRP-PCMOxa lead to a more homogeneous polymer distribution within the cement
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suspension. While the grafting-through approach offers limited control over molecular architec-
ture and is therefore less suited for detailed structure-property investigations, it provides signifi-
cant practical advantages, such as synthetic simplicity and reduction of reaction time. Since only
a single reaction step under Schlenk conditions is required, the route is readily up-scalable.
Microwave-assisted CROP could further shorten the macromonomer synthesis from approxi-
mately 24h to 1 -5 min [53]. Importantly, PCMOxa combs may address shortcomings of
conventional PCEs, particularly their loss of efficiency in the presence of clay minerals such as
bentonite. PCEs can suffer from sidechain intercalation into clay layers, resulting in a loss of
dispersing efficiency. The alternative sidechain chemistry of PCMOxa might suppress intercala-
tion, making these polymers promising candidates or clay-containing systems, including con-
crete incorporating calcined clays as low-carbon supplementary cementitious materials (SCM).

In chapter 5, the final part of this work, the home-built Rheo-FTIR was further developed and
applied to investigate early cement hydration. Several modifications on the set-up were imple-
mented prior to the investigations to improve the alignment of the infrared (IR) beam path and
increase the mechanical stability of the set-up. The modifications included the redesign of the
mirror ring system, the detector table and the upper geometry, all of which contributed to a more
robust and reproducible IR beam alignment. These changes resulted in a substantial 63-fold
increase in signal-to-noise ratio (SNR) and significant reduction in set-up time from ca. 1 h to
15 min. Further modifications, such as the reduction of the crystal depth and the addition of a
mechanism to position and fix the spectrometer orientation are expected to further enhance the
sensitivity and the reproducibility of spectral quality.

The fluctuations in concentrations of gases like carbon dioxide (CO2) and water vapor (H20))
within the open beam path can lead to artifacts in the spectrum. This is especially challenging in
long-term measurements such as investigations on the cement hydration kinetics in which these
artifacts can sum up over time, creating large absorption bands which can obscure sample peaks.
Three different enclosure designs were implemented to the Rheo-FTIR to purge the sample
compartment with dry nitrogen to stabilize the atmosphere: the full enclosure (FE), the beam
path purge (BPP) and the vented Beam Path Purge (vBPP). While none of the tested designs
was able to stabilize the atmospheric composition within 60 min of purging, the FE design gave
the most promising results. However, further improvements are needed such as sealing the
joints, implementation a flow meter at valve V1 and most importantly, the incorporation of a
liquid nitrogen (LN2) filling nozzle for the MCT-detector to prolong the accessible purging
time. In addition, drying agents like zeolite or CaCl, could be used to remove water from the
instrument’s atmosphere. Although further improvements are still required, the modified set-up
proved suitable for in-situ studies of ettringite formation within the first hour of hydration.
Rheo-FTIR measurements on plain cement pastes demonstrated a clear correlation between
increasing ettringite content indicated by the SO4* - stretching vibration at 1 112 cm™ and the
rise in storage modulus, indicating that ettringite contributes to early structural build-up. Exper-
iments with highly charged PCE-like model polymers of poly(methacrylic acid) (PMAA)
showed that polymer-containing pastes exhibit a steeper increase in the time-dependent storage
modulus G’(t) at lower ettringite concentrations, with the linear polymer having a more pro-
nounced effect than the star-shaped analogue. These findings suggest that physical particle
interactions, such as polymer-mediated bridging or changes in ettringite morphology, dominate
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early structural development, particularly within the first minutes to the first hour of hydration
[215].
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10.1 List of Abbreviations

ACN Acetonitrile

ADC Analog-Digital-Converter

APS Advanced Peltier System

ATR Attenuated Total Reflectance

BB Backbone

BGSC Background Single Channel Spectrum

BPP Beam Path Purge, second design iteration in chapter 5.4

CEl Cubic Enclosure 1, part of full enclosure (FE) design, enclosing sample com-

partment of Rheo-FTIR

CE2 Cubic Enclosure 2, part of full enclosure (FE) design, enclosing Rheo-FTIR
detector

CROP Cationic Ring Opening Polymerization

DTGS Deuterated Triglycin Sulfate, IR-detector at room temperature

FE Full Enclosure, first design iteration in chapter 5.4

FT Fourier-Transform

FTIR Fourier-Transform Infrared Spectroscopy

IR Infrared Spectroscopy

IRE Internal Reflectance Element

LAOS Large Amplitude Oscillatory Shear

LN2 Liquid Nitrogen

MAA Methacrylic Acid

MALS Multi-Angle Light Scattering

MCT Mercury-Cadmium-Telluride, IR-detector, cooled with liquid nitrogen

NMR Nuclear Magnetic Resonance

OPC Ordinary Portland Cement
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PAA Poly(acrylic acid)

PCE Poly(carboxylate ether)

PCMOxa  Poly(carbxyolate methyloxazolines)
PEtOxa Poly(2-ethyl-2-oxazoline)

PMAA Poly(methacrylic acid)

PMOxa Poly(2-methyl-2-oxazoline)

POxa Poly(2-alky-2-oxazoline)

PP Plate-Plate Geometry

RAFT Radical Addition-Fragmentation Transfer Polymerization

SAOQS Small amplitude oscillatory shear

SC Sidechain

SEC Size-Exclusion Chromatography

S Supporting Information

SSC Sample Single Channel Spectrum

vBPP Beam Path Purge including vent at CE2, second design iteration in chapter 5.4
VO Valve Opening
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The following chemicals were used as received: 2°,2-Azobis(isobutyronitrile) (AIBN, Sigma
Aldrich), chloroform (CHCIs, 99.8 %, Fisher scientific), 2-Cyano-2-
propyldodecyltrithiocarbonat (CDTP, 97%, TCl Chemicals), dichloromethane (DCM, p.a.,
HPLC grade, Thermo scientific), diethyl ether (99.5%, Fisher scientific),
n,n-dimethylformamide (DMF, 99 % extra dry, Thermo scientific), 1,4-dioxane (>98 %, Sigma
Aldrich), potassium hydroxide (KOH, p.a., Thermo scientific), sec-butyl lithium (s-BuLi, 1.3 M
in cyclohexane, Thermo scientific), trifluoroacetic acid (TFA, > 99 %, Apollo Scientific).

Tert-butyl methacrylate (tBMA, 98 %, Sigma-Aldrich), ethylene glycol methacrylate (EGDMA,
97,5 %, Merck) and 2-methyl-2-oxazoline (MOxa, 99%, Thermo scientific) were dried over
calcium hydride (CaH:, 92 %, Alfa Aesar) overnight and distilled under reduced pressure. The
distilled monomers were stored under an argon atmosphere at -20 °C for maximum 14 days.
Acetonitrile (ACN, HPLC grade, Thermo scientific) was dried over CaH; overnight and freshly
distilled before use. 1,1-diphenylethylene (DPE, 98 %, Alfa Aesar) was titrated with n-butyl
lithium (n-BuLi, solution in hexane, 1.6 M) until the formation of a persistent red color, then
distilled under reduced pressure. Tetrahydrofuran (THF, > 99.5 %, Carl Roth) was distilled
twice, first from CaH,, then from sodium benzophenone (99 %, Acros Organics) directly to the
reaction flask. Lithium chloride (LiCl, > 98 %, Alfa Aesar) was dried at 120 °C for a week and
heated in the reaction flask to 600 °C under reduced pressure prior to synthesis. Methanol
(MeOH, 99 %, Carl Roth) was degassed via freeze-pump-thaw. Methyl trifluoromethanosul-
fonate (MeQOTf, 98 %, Apollo Scientific) was distilled under reduced pressure and stored under
argon at - 20 °C. Triethyl amine (NEts, 99 %, Thermo Scientific) was dried over KOH and
distilled before use. Methacrylic acid (MAA, Fisher Scientific) was purified by passing over a
basic aluminum oxide column prior to use. For the synthesis of PCMOxa-macromonomer,
MAA was distilled under reduced pressure prior to use. Poly(ethylene glycol)monomethylether-
methacrylate (PEGMA) of two molecular weights M, =500 g mol? (PEGMA500, Sigma-
Aldrich, batch Nr..MKCP1470) and M, =950 g mol* (PEGMA950, Sigma-Aldrich, batch Nr.:
MKCP5234) were used. PEGMA500 was purified by passing over a basic aluminum oxide
column prior to use. PEGMA950 was used as received.

The commercial PCE superplasticizer BASF VP14.1 or BASF 2018/VP14.1 was provided by
BASF within the framework of the Priority Programm SPP2005 ‘Opus Fluidum Futurum —
Rheology of reactive, multiphase construction materials’ (abb.: SPP2005). This product is an
aqueous solution of a comb polymer [166]. Typically, superplasticizers are synthesized via
copolymerization of a PEO-macromonomer and a charge-bearing monomer, e.g. acrylic acid,
and sold in the reaction mixture without removal of unreacted sidearms [8]. This means that the
main component of the superplasticizer solution is the comb polymer shown in Figure 82, but
the solution also contains unreacted macromonomers, the amount of which is given in Table 15.
Although not specified in [166], since BASF VP 14.1 is a formulated product, it can be assumed
that in addition to the comb polymer it also contains further performance enhancing components
to fine-tune its properties precisely to the intended application [8]. As BASF VP 14.1 is de-
signed for ready-mix concrete, which is manufactured in batch and then delivered to the job site
“ready to use”, it requires both a high initial fluidity and also slump retention for the time span
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of transportation, and thus could potentially contain a retarder [8]. Moreover, it can be assumed
that it contains a defoamer to reduce the uncontrolled formation of air bubbles during mixing
[8]. A full characterization of the physical properties of BASF VP14.1 is given in the study of
Lei et al. [166].

Figure 82: Chemical structure of BASF VP 14.1, reproduced from [166]. The acrylic acid backbone is drawn in its
deprotonated form as sodium salt. In the product, the poly(acid) is only partially deprotonated, with an anionic
charge amount of 1.3 meqg/g [166]. R, R? are not specified in the reference [166]. The macromonomer most probably
was either poly(ethylene glycol) methacrylate (PEGMA) or isoprenyl-terminated PEO (IPEG), which are the most
commonly used PEO macromonomers in superplasticizer synthesis, with PEGMA being more common in Europe and
IPEG being more common in China [56].

Table 15: Physical properties of BASF VP14.1, reproduced from [166]. The molecular weights and dispersity were
obtained via SEC in 0.1 M MaNOsz and 0.3 g L* NaNs adjusted to pH = 12 equipped with a dRI detector and a three-
angle static light scattering detector [166]. The refractive index increment of PEO dn/dc = 0.135 mg L™* was used for
the calculation of the molecular weight [166].

Property BASF VP 2018/14.1
Solid content 19.5 wt.%
Density 1.04 kg L!
Mn 11 770 g mol*
Muw 28 090 g mol
PDI 2.39
Macromon_omer 84.4 %
Conversion

The cement used in this work is an ordinary Portland cement (OPC) of the type CEMI 42.5 R
which was provided by Heidelberg Materials within the framework of SPP 2005 “Opus Fluidum
Futurum”. Two separate batches of cement were used in this work, which were provided in the
first (2018) and the second funding period (2021), respectively. In chapter 5.5 (p. 117), CEMI
42.5 R of the first funding period (2018) was used, while all other experiments involving ce-
ment were conducted with CEMI 42.5 R of the second funding period (2021). A few central
values of the two cement batches are given in the following. A full characterization of the
cement of the first funding period (2018) is given in the study of Lu et al. [217], while Pott et al.
give a complete characterization of the cement used in the second funding period [218].
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CEMI 42,5 R — First Funding Period

Table 16: Part | of oxide composition of CEM | 42.5R of the first funding period in 2018. Table was split for reada-
bility. Reproduced from [217].

CaO SiO; Al,O3 Fey0s3 MgO KO Na0 TiO;
Composition (wt.%) | 64.4 204 5.4 2.6 1.4 077 022 0.29
Standard deviation | 0.85 0.16 0.19 021 015 0.09 0.01 0.02

Table 17: Part 11 of oxide composition of CEM | 42.5R (first funding period, 2018). Reproduced from [217]. Loss on
ignition (LOI) is a standard measure to determine cement quality. LOI quantifies the loss of weight after heating the

cement to 950 — 1 000 °C due to evaporation of water and organic compounds. Typically, LOI should be <4 % for
OPC.

i Insoluble

PZOS Mn,Os; SOz LOI Cl residue Sum
Composition (wt.%) | 0.14  0.07 2.7 187 0.02 1.04 100.12
Standard deviation | 0.04 0.02 0.35 0.05 0.003 0.12 0.25

Table 18: Part | of phase contents of CEM | 42.5R (first funding period, 2018). Table was split for readability.
Reproduced from [217].

C:A GCsA . . .
CsS C.S (orth) (cub) C4sAF  Anhydrite Basanite Arcanite
Composition (wt.%) | 55.8 146 3.6 7.3 7.4 2.2 2.7 0.5
Standard deviation | 1.79 045 058 050 0.97 0.27 0.45 0.23

Table 19: Part Il of phase contents of CEM | 42.5R (first funding period, 2018). Reproduced from [217].

Calcite Quartz Periclase | Sum
Composition (wt.%) 3.7 0.9 0.4 99.5
Standard deviation 0.19 0.21 0.11 0.50

Table 20: Particle size of CEM | 42.5R (first funding period, 2018). Reproduced from [217]. The table summarizes
the percentiles, with d10 denoting that 10 % of the sample is smaller than the given value. d50 and d90 denote that

50 % and 90 % of the sample are smaller than the given value, respectively. As the particle size was determined with
laser diffraction, the percentiles are vol.%.

d10 d50
15

doo
148 44.6
0.66 1.03 1.29

Average particle size [um]

Standard deviation
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CEMI 42,5 R — Second Funding Period

Table 21: Part | of oxide composition of CEM | 42.5R of the second funding period in 2021. Table was split for
readability. Reproduced from [218].

CaO Si0;  AlLO3  Fey0s3 MgO KyO Na0 TiO,

Composition (wt.%) | 61.79 21.14 553 227 139 077 021 0.32
Standard deviation | 2.17 134 042 008 0.22 0.08 0.08 0.06

Table 22: Part 11 of oxide composition of CEM | 42.5R (second funding period, 2021). Reproduced from [218]. Loss
on ignition (LOI) is a standard measure to determine cement quality. LOI quantifies the loss of weight after heating
the cement to 950 — 1000 °C due to evaporation of water and organic compounds. Typically, LOI should be <4 % for
OPC.

Insoluble
residue

Composition (wt.%) | 0.14 0.03 2.84 248 0.030 0.82 98.94
Standard deviation | 0.08 0.03 0.69 0.10 0.0007 0.30 -

P,Os Mn,O; SOs; LOI Cl Sum

Table 23: Part | of phase contents of CEM | 42.5R (second funding period, 2021). Table was split for readability.
Reproduced from [218].

Cs:A Cs3A .
CsS C.S (orth)  (cub) C,AF Sulfate carrier
Composition (wt.%) | 54.45 18.07 328 755 517 4.82
Standard deviation 415 0.34 1.10 0.89 2.66 1.12

Table 24: Part Il of phase contents of CEM | 42.5R (second funding period, 2021). Reproduced from [218].

Calcite Quartz Periclase | Sum

Composition (wt.%) | 4.08 0.42 0.75 98.59
Standard deviation 1.87 0.17 0.21 -

Table 25: Particle size of CEM | 42.5R (second funding period, 2021). Reproduced from [218]. The table summariz-

es the percentiles, with d10 denoting that 10 % of the sample is smaller than the given value. d50 and d90 denote that
50 % and 90 % of the sample are smaller than the given value, respectively. As the particle size was determined with

laser diffraction, the percentiles are vol.%.

di0 d50  d9o
Average particle size [pm] | 1.92 14.10 41.49

Standard deviation 064 191 4.33
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10.3 Experimentals of Chapter 3

Preparation of cement pastes: To prepare the paste, 100 g of OPC was added to 34 mL of
deionized water over the span of 15 s while simultaneously stirring the paste with an IKA stirrer
equipped with a 4-blade mixer at a rotational speed of 200 rpm. After complete addition, the
mixture was stirred for additional 15 s before a 30 s pause for returning the caking material was
made. Subsequently, the paste was stirred for 2 min at 550 rpm. In the following 9 min rest
time, the paste was covered with a wet paper towel to prevent evaporation. Subsequently, the
paste was homogenized for one minute at 550 rpm and then transferred to a TA Instruments
ARES G2 strain-controlled rheometer equipped with 50 mm parallel plates with wet-sanding
sandpaper (600 grit) glued to the surface. The rheological characterization started exactly 15
minutes after initial water-to-cement contact. For the yield stress determination, steady shear
experiments were performed utilizing shear rates starting from high shear rate to low shear rate
in the range of y = 100 s to 0.1 s following a similar procedure as [101].

Figure 83: Mixing set-up (left) including the IKA stirrer used for the preparation of cement pastes in this work. The
samples were mixed in plastic containers, similar to the one shown in the left picture. The material of the mixing
container as well as the container size (volume and aspect ratio) should be kept constant within a measurement series
to ensure a constant temperature evolution within the paste. The IKA stirrer is equipped with a 4-blade mixer (right).
The used IKA stirrer shows the rotations per minute (rpm) in a display above the rotary control, which is calculated
from the applied force.
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Table 26: Protocol for the preparation of cement paste, developed on the basis of [101].

0:00 - 0:15 min Addition of water (T = 10 °C) to cement powder at
200 rpm (lowest position at IKA stirrer).

Do a bit of dry homogenization before. At the begin-

ning of measurement day remix the large container of

cement.
t=0 at first water to cement contact
0:15-0:30 min Continue at 200rpm
0:30 — 1:00 min Pause to return caking material from the side of the
beaker
1:00 — 3:00 min Mixing at 550rpm
3:00 -12:00 min Pause, covering beaker with wet paper towel to
prevent evaporation
12:30 — 13:30 min Homogenization at 550rpm
13:30-15:00 min Sample Loading

Temperature of paste needs to be checked, should be
room temperature (22 °Cor23°C)+1°C

15:00 min Start of measurement

Synthesis of RAFT PCE: The synthesis of RAFT PCE (referenced in Figure 39, p. 56) was
adapted from literature [219]. For the synthesis, MAA (2 g, 2 mL, 24 mmol), PEGMAS500 (3 g,
2.8 mL, 6 mmol), CDPT (0.35 g, 1 mmol), AIBN (0.033 g, 0.2 mmol) and 1,4 — dioxane

(25 mL) were added to a dry glass flask with a magnetic stirring bar. The reaction mixture was
purged with Argon for 15 min while the solution was stirred. Subsequently, the reaction mixture
was heated to 85 °C and stirred overnight. After 16 h, the reaction was stopped by rapid cooling
upon immersing the flask in an ice bath. The product was precipitated into cold diethyl ether.
The RAFT PCE product was obtained as a highly-viscous, yellow liquid. SEC characterization
in aqueous 0.1 M Na,HPO, gave M, = 500 g mol~*, M,, = 1 800 g mol?, and D = 3.54.
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10.4 Experimentals of Chapter 4

10.4.1 Synthetic Procedures

Synthesis of PMAA Backbone: The linear PtBMA BB precursor was synthesized via anionic
polymerization following established procedures [36, 160]. For the backbone of B = 100, LiCl
(350 mg, 8.3 mmol) is added to a glass flask and dried under vacuum at 600 °C. Subsequently,
dry THF (300 mL) is distilled into the flask. After cooling the reaction flask to -80 °C, DPE
(2.2 mL, 12.5 mmol) and sec-BuLi (2 mL, 1.3 M in cyclohexane, 2.6 mmol) are added. The
persistent dark red color indicated the successful formation of the initiator 1,1-
diphenylhexyllithium. Subsequently, tBMA (35 mL, 30.6 g, 0.22 mol) was added and the solu-
tion was stirred at -80 °C for 2 h. The polymerization was terminated by the addition of de-
gassed MeOH (ca. 2mL). The polymer was precipitated in a MeOH/water mixture
(80/20-vol.%) and dried at 70 °C under reduced pressure. For the hydrolysis, 25 g PtBMA BB-
precursor were dissolved in 350 mL DCM and 40 mL TFA (60 g, 0.42 mol, 3 eq. to tBMA) was
added. The reaction mixture was stirred overnight. After the reaction was completed, the solvent
was removed under reduced pressure. TFA was removed by three successive cycles of co-
evaporation with DCM. The complete hydrolysis was confirmed by *H-NMR. The product was
dried in vacuo to yield 12 g of white solid PMAA backbone.

Synthesis of PCMOxa via grafting-onto synthesis: The comb synthesis was adapted from the
literature [54, 162, 220]. For the synthesis of i.e. PCMOxa-100-15x100, freshly distilled ACN
(125 mL), MOxa (10 g, 10 mL, 0.12 mol) and MeOTT (0.19 g, 0.13 mL, 1.2 mmol) were added
to a dry flask and stirred at 80 °C for 24 h. In a separate dry glass flask, 0.4 g PMAA backbone
was dissolved in a mixture of DMF (1.5 mL) and NEt; (1 mL, 0.72 g, 7.1 mmol). The mixture
was added to the flask containing the living PMOxa sidechains and stirred at 70 °C for 36 h.
After the reaction mixture was cooled to room temperature, the solvent was removed under
reduced pressure. 20 mL of saturated, aqueous NaHCOs-solution were added to the mixture and
stirred for 30 min. The water was removed under reduced pressure. Subsequently, 500 mL
CHCI; were added to the solid residue and stirred overnight. The solution was dried over sodi-
um sulfate, filtered and concentrate under reduced pressure. The product was precipitated into
cold diethyl ether. The precipitate was dried in vacuo to yield 9 g of a white solid PCMOxa-
100-15x100, which was stored under argon at -20 °C.

Synthesis of PMOxa-Macromonomer: The macromonomer was synthesized according to a
procedure adapted from literature [162]. For PMOxa-MA-22, ACN (125 mL), MOxa (15 g,
15 mL, 0.18 mol) and MeOTf (0.1.23 g, 0.85 mL, 7.5 mmol) were sequentially added to a dry
flask and stirred at 80 °C for 24 h. For the end capping, MAA (0.8 mL, 0.97 g, 11 mmol) and
NEt; (1.8 mL, 1.3 g, 18 mmol) were mixed in a second dry flask for at least 15 min before being
transferred to the reaction vessel. The end capping reaction was carried out at 70 °C for 36 h.
After cooling to room temperature, the solvent was removed under reduced pressure. Saturated
aqueous NaHCOs-solution (60 mL) was added and stirred for 30 min. The solvent was again
removed under reduced pressure, and the solid residue was stirred in 250 mL CHClI3 overnight.
The solution was dried over sodium sulfate, filtered and concentrated under reduced pressure.
The product was precipitated in 800 mL cold diethyl ether. The product was collected and dried
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in vacuo to yield 10 g of a white solid PCMOxa-MA-22. The product was stored under argon at
-20 °C.

Synthesis of FRP-PCMOxa and FRP-PCE via grafting-through synthesis: The FRP comb
synthesis was adapted from literature [148, 149]. For FRP-PCE, PEGMA950 (1.62 g, 15 mmol)
and MAA (0.32 g, 3.8 mmol) were dissolved in deionized water (2 mL) and 0.2 mL of an aque-
ous solution of 3-MPA (0.53 mol/L), 0.33 mL of an aqueous solution of SFS (0.35 mol/L) and
0.33 mL of an aqueous solution of TBHP (0.32 mol/L) were sequentially added. For FRP-
PCMOxa, PMOxa-MA-21 (1.5 g, 7.5 mmol) and MAA (0.16 g, 1.9 mmol) were dissolved in
deionized water (2 mL) and 0.1 mL of an aqueous solution of 3-MPA (0.53 mol/L), 0.16 mL of
an aqueous solution of SFS (0.35 mol/L) and 0.16 mL of an aqueous solution of TBHP
(0.32 mmol/mL) were sequentially added. The reaction mixtures were stirred overnight at room
temperature. The product was obtained via freeze-drying the reaction mixture over night.

10.4.2 Characterization of Synthesized Compounds

SEC of PtBMA precursor: The linear PtBMA was characterized with an Agilent 1200 series
SEC, equipped with an isocratic pump, a differential refractive index detector (dRI), a UV/Vis
detector, a multi-angle light scattering detector (SEC-MALS, Polymer Standards Service, PSS
Mainz, Germany) and a PSS SDV-Lux-1000 A, whereby tetrahydrofuran (SEC grade,
0.025 % BHT) was used as an eluent at 1 mL min flow rate at 25 °C. The system was calibrat-
ed with poly(methyl methacrylate) (800 - 110 000 g mol?) standards.

SEC of PMOxa sidechains and combs: Size exclusion chromatography in dimethyl acetamide
(DMAc, HPLC grade) was performed with an Agilent Technologies 1260 Infinity Il system,
equipped with both a differential refractive index (dRI) detector as well as a UV/Vis detector.
The system was calibrated with ReadyCal standards, using PMMA standards with molecular
weights ranging from 800 to 2 200 000 g mol. The columns used were a front Mixed-C and a
Mixed-E column from Agilent. The eluent was DMAc with 0.79 g of LiBr per 2.5 L of solvent
(0.316 g LY. Typically, 50 uL of a filtered 2.0 mg mL™* sample solution was injected onto the
columns. The system operated at a temperature of 50 °C with a flow rate of 1 mL min™. The
structural parameters N and n were calculated from integration of the remaining sidechain peak.

NMR: H-spectra were recorded on a Bruker Avance Ill Microbay 400 MHz spectrometer at
room temperature in deuterium oxide (D20, 99.8 %, Acros Organics) and deuterated chloroform
(CDCls, 99.8 %, Acros Organics). The signals were referenced to the residual solvent peak.

10.4.3 Rheological Characterizations of PCMOxa-Modified Cement
Pastes

Preparation of cement pastes: For the cement samples, ordinary Portland cement (OPC) of the
type CEM 1 42.5 provided by Heidelberg Materials within the framework of SPP 2005 “Opus

158



10.4 Experimentals of Chapter 4

Fluidum Futurum” was used. A full characterization of the used cement is given else-
where [218]. All cement pastes were prepared with a w/c-ratio of 0.35. Prior to cement paste
preparation, different stock solutions of PCMOxa polymer in deionized water were prepared.
PCMOxa was added using 1 mL of solution with varying concentrations. To measure e.g. a
concentration of 0.1 wt-% by weight of dry cement, a stock solution was prepared by dissolving
310 mg of PCMOxa-100-18x25 in 3.1 mL deionized water. To prepare the paste, 100 g of OPC
was added to 34 mL of deionized water over the span of 30 s while simultaneously stirring the
paste with an IKA stirrer equipped with a 4-blade mixer at a rotational speed of 200 rpm. After
complete addition, the mixture was stirred for additional 1.5 min at 550 rpm. Two minutes after
first water-to-cement-contact, 1 mL of the PMOxa-comb stock solution (corresponding to
100 mg of PCMOxa-100-18x25) were added and the paste was stirred for another minute. The
paste was covered with a wet paper towel for additional 9.5 min. Subsequently, the paste was
homogenized for one minute and then transferred to a TA Instruments ARES G2 strain-
controlled rheometer equipped with 50 mm parallel plates with wet-sanding sandpaper (600
grit) glued to the surface. The rheological characterization started exactly 15 min after initial
water-to-cement contact. For yield stress determination, steady shear experiments were per-
formed utilizing shear rates starting from high shear rate to low shear rate in the range of y =
100 s to 0.1 s following a similar procedure as [101].

10.4.4 Characterization of PCMOxa Adsorption

Dissolved organic carbon (DOC) analysis: For the DOC analysis, the procedure was adapted
from literature [132]. Cement pastes of w/c = 1.2 were prepared by mixing 20.0 g of cement and
23.0 g of water in a glass beaker using an IKA stirrer with a four bladed stainless-steel turbine
agitator. The dispersion was first stirred at 200 RPM for one minute, then at 550 RPM. After-
wards, 1 mL of PCMOxa stock solution was added 2 min after initial mixing. After further
9 min of stirring, the cement dispersion was transferred into a centrifuge tube. The mixture was
centrifuged at 4000 RPM (resulting in an acceleration of 2415 g) using a Hettich 320 universal
table centrifuge for 15 minutes, beginning exactly 15 min after first water contact. After centrif-
ugation, 2 mL of the supernatant were taken, filtrated through a 0.45 um syringe filter and
diluted by a factor of 10. The syringe filters were pre-washed using 80 mL of deionized water.
The obtained samples were acidified by addition of 0.1 mL of concentrated orthophosphoric
acid (85 %). The dissolved organic carbon was analyzed in the Engler-Bunte-Institute (EBI)
using a Shimadzu TOC-Analyzer (Model TOC-L CPH). All samples were prepared by using
freshly tapped deionized water. DOC of the blank cement paste without any superplasticizer
should be determined to consider the organic carbon contained in the cement due to e.g. grind-
ing aids, etc. The carbon content of the superplasticizer sample, which is necessary to calculate
the adsorbed mass correctly, can either be calculated from the molecular structure or, more
precisely, can be obtained by directly measuring DOC or TOC of a superplasticizer solution of
known concentration.
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10.5 Experimentals of Chapter 5

10.5.1 FTIR Parameters

If not mentioned otherwise, the following measurement parameters were chosen in the OPUS
software:

Table 27: Optimized settings in OPUS software in all performed FTIR measurements.

Parameter Settings
Resolution 4 cm?
Background scan time 64 scans
Sample scan time 64 scans
Wavenumber region 4000 cm* -1 000 cm?
Aperture “Open” (corresponds to 4 mm)
Preamplification gain Ref. (no amplification)
Scanning velocity 20 kHz
Background anq sample signal Automatic
gain
Wanted high frequency limit 8 000
Wanted low frequency limit 0
High pass filter Open
Lowpass filter Automatic
Acquisition mode Double-Sided, Forward-
Backward
Phase resolution 32
Phase correction mode Mertz
Apodization function Blackman-Harris 3-Term
Zero filling factor 2

10.5.2 Synthesis and Characterization of PMAA Polymers

Linear Poly(methacrylic acid) (PMAA): The synthesis of linear PMAA was performed fol-
lowing the work of Pelet and Putnam [213]. MAA (5 g, 58 mmol), CDPT (80.3 mg, 0.2 mmol)
and AIBN (3.8 mg, 0.02 mmol) were dissolved in 20 mL MeOH. The reaction mixture was
purged with Argon for 10 mins, then heated to 60 °C and stirred for 24 h. The polymer was
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precipitated in cold diethyl ether and dried under vacuum overnight. The product was obtained
as a yellow solid.

PMAA Star: The synthesis was performed following the work of Efstratiadis [221]: LiCl
(100 mg, 2.4 mmol) in dry THF (150 mL) cooled to -80 °C with an acetone/liquid nitrogen
cooling bath. DPE (5.6 mL, 0.24 mol/L in dry THF, 1.25 mmol) and sec-BuL.i (0.18 mL, 1.4 M
in cyclohexane, 0.25 mmol) were added. The persistent dark red color indicated the successful
formation of the initiator 1,1-diphenylhexyllithium (DPHLIi). tBMA (5.7 mL, 5 g, 35.2 mmol)
was added and the temperature was kept at -80 °C for 1 h. Subsequently, EGDMA (0.5 mL,2 M
in THF, 1.00 mmol) was added to the living PtBMA anions at -80 °C and the reaction mixture
was stirred for 2 h. The reaction was terminated with an excess of degassed MeOH (2 mL). The
polymer was precipitated in a MeOH/water mixture (80/20 - vol.%) and dried at 70 °C under
reduced pressure. For the hydrolysis, the obtained polymer was dissolved in 1,4-dioxane
(50 mL) and a 10-fold excess of HCI (6.5 mL, 12 M in water, 15.5 mmol) was added. The
reaction mixture was stirred for 6 h at 85 °C. Subsequently, the solution was diluted with water
(500 mL) and neutralized with NaOH (typically about 2 mL, 33 wt.% in water). The polymer
was obtained after freeze-drying as a white powder.

SEC of PtBMA precursor: The linear PtBMA was characterized with an Agilent 1200 series
SEC, equipped with an isocratic pump, a differential refractive index detector (dRI), a UV/Vis
detector, a multi-angle light scattering detector (SEC-MALS, Polymer Standards Service, PSS
Mainz, Germany) and a PSS SDV-Lux-1000 A, whereby tetrahydrofuran (SEC grade,
0.025 % BHT) was used as an eluent at 1 mL min flow rate at 25 °C. The system was calibrat-
ed with poly(methyl methacrylate) (800 - 110 000 g mol?) standards.

NMR. 'H-spectra were recorded on a Bruker Avance Ill Microbay 400 MHz spectrometer at
room temperature in deuterium oxide (D20, 99.8 %, Acros Organics) and deuterated chloroform
(CDCls, 99.8 %, Acros Organics). The signals were referenced to the residual solvent peak.

10.5.3 Rheological Measurements

Preparation of cement pastes: For the cement samples, ordinary Portland cement (OPC) of the
type CEM 1 42.5 provided by SPP2005 “Opus Fluidum Futurum” was used. The cement charac-
teristics are summarized in this previous work [217]. All samples were prepared with a w/c-ratio
of 0.4: 50g of OPC were added to 20 mL of deionized water over the span of 30 s while stirring
with an IKA stirrer equipped with a 4-blade mixer at a rotational speed of 200 rpm. After com-
plete addition, the mixture was stirred for additional two minutes at 500 rpm. Subsequently, the
sample was placed into the geometry and the measurement was started 3.5 min after first water-
to-cement contact. For the experiments with PMAA, the polymer was dissolved in the mixing
water prior to mixing. The concentration was 0.5% bwoc (by weight of cement = m(dry poly-
mer) / m(dry cement)).

Rheo-FTIR Measurements: Rheo-FTIR measurements were performed on a strain-controlled
ARES G2 (TA Instruments) rheometer combined with a Bruker Matrix-MF. The FTIR device
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was equipped with a mid-infrared source and a MCT detector. The measurements were per-
formed at 22 °C using a self-designed silicon ATR crystal geometry, which is equivalent to a
25 mm parallel plate geometry, and a gap of 1 mm. A pre-shear at 100 s* for 60 s was per-
formed for all measurements. Oscillatory time sweeps were conducted by recording the time-
dependent response of the material deformed with a fixed strain amplitude of y, = 0.01% and a
fixed frequency of w4 /2m =1 Hz.
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Figure 84: Spread flow test conducted with a Vicat cone and a cement paste of w/c = 0.35. The measures of a Vicat
cone are given in the schematic on the right side. This spread flow experiment was conducted on a dry glass plate (in

this case a mirror).

10.6.1 Chapter 3

Figure 85: Photo of grooved concentric cylinder and grooved cup. The cylinder has a diameter of 26.6 mm and a
length of 50 mm, while the cup has a diameter of 28.9 mm, resulting in a gap of 1.126 mm [222]. This geometry was
used with a stress-controlled Anton Paar MCR 302 for all rheometric experiments conducted at Université de

Sherbrooke, Sherbrooke, Kanada.
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Figure 86: Effect of pre-shear duration in the rheometer. The pre-shear duration of 20 s was applied following the
reference study [101]. However, it was observed that the duration of 20 s was not sufficient to obtain a steady state.
Therefore, the duration of the pre-shear step was prolonged to 60 s which was observed to be sufficient to reach a

steady state and thus erase the shear history imposed during sample loading.
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10.6.2 Chapter 4
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Figure 87: Molecular Weight distribution of PtBMA BB precursor, obtained via SEC in THF. The molecular weight
Mn = 14 000 g mol corresponds to B = 100 (M(tBMA) = 142 g molY).
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Figure 88: 'H-NMR spectrum of fully hydrolyzed PMAA backbone in D20 (400 MHz). The Peak labelled with (a)
corresponds to the protons of the methyl group, while (b) marks the peak of the backbone protons. The label (c)
marks the remaining protons of the tert-butyl group, which either from non-hydrolyzed tert-butyl esters or of the
cleavage product tert-butanol which was not removed by the purification steps. The integral of 0.16 for 9 H corre-
sponds to tert-butyl content of ~1.5 mol-%. The acidic proton is not visible in D20.
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Table 28: Fit parameters of Bingham-Fits displayed in Figure 44 (p. 67).

concentration oy Mp
0.03 164 0.81
0.05 138 1.03
0.1 51 0.82
0.15 15 0.72
0.3 -2 0.09
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Figure 89: 'H-NMR of FRP-PCE (D20, 400 MHz). The enlargement from 9 — 5 ppm shows no leftover double-bond

(DB) signals.

Table 29: SEC results (0.7 M NaHPOas, PEO standards 200 — 100 000 g mol, Rl detector) for the medium comb

from [149]. The ratio of macromonomer to methacrylic acid was 1:2.8 as confirmed by titration. Thus, the average
structural repeating unit has a molecular weight of 1 076 g mol* + (2.8 - 86 g mol'*) = 1 317 g mol. The backbone
length B was obtained as B = Mx/ 1 317 g mol*

dRI-Signal =M/ 1 5_7 g mol?
M, | 38000 g mol* 29
My | 90 000 g molt 68
M, | 56 000 g mol 43
(D) 2.37
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10.6.3 Chapter 5

Figure 90: Sideview of lower plate options. The grooved plate designed for rubber analysis has an elevation of 8 mm
height.

Figure 91: Close up of M2, with additional adjustment screw at the mirror mount attachment to precisely adjust the
mirror-crystal distance to the focal length of the off-axis parabolic mirror.
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Figure 92: Picture of old detector table (left) and redesigned table (right) including the fastenings and the exchanged
rods used for the installment of the table.
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Figure 93: Signal-to-noise ratio SNx 2 normalized to the number of scans n (blue circles) and the measurement time
t (red squares) plotted against the scanning velocity given kHz. Since the scanning speed was varied, the number of
scans is no longer proportional to the measurement time. Consequently, the SNn"*2 values were used to determine the
optimum scan speed. The highest SNn/2 was obtained for a scanning velocity of 20 kHz. The labels correspond to the
scan speed given in scans/s. The Bruker Matrix-M can obtain spectra with a scan speed of up to 15.35 scans/s. In the
double-sided, forward-backward mode used in this work, two interferograms are recorded during one scan. As half
an interferogram is needed to calculate one spectrum, two interferograms correspond to 4 spectra. Consequently, in
the double-sided, forward-backward mode, the scan speed of 2.3 scans/s is equivalent to 9.2 spectra/s. The maximum
scan speed of 160 kHz provided by the Matrix-M thus corresponds to 15.35 scans/s - 4 = 61.4 spectra/s.
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Figure 94: Noise Region of water spectrum obtained with revised Rheo-FTIR set-up. A centered moving average
(window size of 15 points, corresponding to A% = 30 cm™) was used to remove the underlying curvature before

obtaining the standard deviation to calculate the SNR.
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Figure 95: Spectra of LDPE at 130 °C obtained with the initial set-up in the year 2022 (blue) and the modified set-up
in January 2026 (red). In the spectrum obtained with the initial set-up, the comparatively high absorbance values in
combination with the unexpected peak shape indicate a measurement artifact, potentially a digital overcompensation
of a poor signal. The SNR was calculated from the baseline corrected spectra with the intensity of the asymmetric
C-H -stretch vibration at 2921 cm and the standard deviation in the wavenumber range of 3500 — 3300 cm™. In the
spectrum obtained with the modified set-up (red), the peak at 2921 cm* has a maximum absorbance of 0.083 a.u..
The noise region shows a curvature, which had to be removed prior to noise calculation, as further shown in Figure
96, p. 170. For the initial set-up (blue), the noise could be calculated directly from the baseline corrected data and
the standard deviation in the wavenumber range of 3500 — 3300 cm™* was obtained as oy ;5. = 0.03. The peak at
3100 - 2200 cm* was fitted with two Gaussian functions to obtain the maximum of the asymmetric C-H -stretch
vibration at 2921 cm™, as displayed in Figure 97, p. 170.
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Figure 96: Wavenumber region used to determine the noise in the LDPE spectrum obtained with the modified set-up.
To remove the underlying curvature, a centered moving average (window size of 25 points, corresponding to

A¥ =50 cmt) was fitted and subtracted prior to the calculation of the standard deviation, which was obtained as
Onoise = 6.8 1075
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Figure 97: Peak Deconvolution performed on LDPE spectrum obtained with the initial set-up to obtain the peak
intensity of the asymmetric C-H — stretch vibration. The fit parameters are summarized in the following table.

Table 30: Fit parameters obtained for peak deconvolution. The Peak maximum of 0.61 a.u. was used to calculate the
SNR ratio given in Figure 65 (p. 100)

Peak Center Position Peak Shape Peak Maximum FWHM
Asym. C-H stretch 2921 cm? Gaussian 0.61 a.u. 146 cm*
Sym. C-H stretch 2852 cmt Gaussian 0.47 a.u. 323cm?
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Figure 98: Spectrum of high-oleic sunflower oil including peak assignments.

Figure 99: Rheo-FTIR enclosure with opened CE1 front hatch.
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