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Abstract

This thesis investigates the ionization behaviour of polyacrylic acid, a weak polyelec-
trolyte, in semi-dilute regime. The primarily focus is on effects of pH and ionic strength
on the degree of ionization. Diffusion-Ordered Spectroscopy is employed to determine the
overlap concentration (c¢*), transition between dilute and semi-dilute regimes. pH titra-
tions are used to analyse how solution’s conditions impact degree of ionization. Titration
curves obtained from titration experiments, are compared to titration curves obtained
from NMR and simulations. Results show that for degree of ionization below 0.8, ex-
perimental data are in good agreement with the theoretical model, however, deviations

increase at higher degrees of ionization.

Keywords
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Abstrakt

Tato prace se zabyva ioniza¢nim chovanim polyakrylové kyseliny, slabého polyelektrolytu,
v polozfedéném rezimu. Hlavni pozornost je vénovana vlivu pH a iontové sily na stupen
ionizace. K urceni piekryvové koncentrace (c¢*), ktera predstavuje prechod mezi zfedénym
a polozfedénym rezimem, je vyuzita metoda DOSY. Pomoci pH titraci je analyzovano,
jak podminky roztoku ovliviuji stupen ionizace. Titra¢ni kiivky ziskané z titrac¢nich
experimentu jsou porovnavany s kfivkami ziskanymi pomoci NMR méfeni a simulaci.
Vysledky ukazuji, Ze pri stupni ionizace nizs$im nez 0.8 jsou experimentalni data v dobré
shodé s teoretickym modelem, avSak pfi vySSich stupnich ionizace dochézi k rostoucim

odchylkam.
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1 Introduction

Polymers are large molecules made up of repeating subunits, called monomers, which
are connected through chemical bonds. These macromolecules can be divided into natural
and synthetic types, both of which are vital in various industries and scientific applica-
tions. Natural polymers, such as proteins, DNA, and cellulose, are essential for biological
processes and the structural integrity of living organisms. In contrast, synthetic poly-
mers such as polyethylene, polystyrene, and nylon have become a part of our daily lives
due to their flexibility, durability, and lightweight properties. The properties of polymers
depend on their molecular arrangement, including chain length, branching, and cross-
linking, which affect their mechanical durability, elasticity, and thermal stability. These
properties make polymers indispensable in various fields including textiles?, engineering?,

and medicine®®.

An important aspect of polymer science is studying polymer solutions. Unlike simple
molecular solutions, the polymer dissolution process unfolds gradually through stages of
swelling, disentanglement, and the eventual dispersion of polymer chains. The solubility of
a polymer in a specific solvent is influenced by multiple factors, such as molecular weight,
temperature, and the intermolecular interactions between polymer and solvent molecules.
The distinct behaviour of polymer solutions stems from the significant size and complex

interactions of polymer chains, which greatly affect their physical and chemical properties.

The characteristics of polymer solutions are significantly influenced by factors such as
concentration, solvent quality, and temperature. At low concentrations, polymer chains
exist discretely in the solution, while at higher concentrations, they overlap, forming
entangled networks that affect viscosity and flow behaviour. The way polymer chains
interact with solvent molecules also determines whether a polymer takes on an expanded
shape (in good solvents) or collapses into compact configurations (in poor solvents)®.
Solvents are commonly classified in three groups: good, poor or theta. In good solvents,
polymer-solvent interactions are more favourable than the polymer-polymer interactions.
In contrast, poor solvents favour polymer-polymer interactions, causing polymer chains
to collapse. Theta solvents represent special case in which all the interactions mentioned

above are balanced, and the polymer behaves as an ideal coil.



Polyelectrolytes are polymers that, among other groups, consist of ionizable groups,
meaning that they can dissociate in aqueous solutions to form charged macromolecules.
Based on the ionizable group we can separate polyelectrolytes into two groups - weak
and strong polyelectrolytes. While strong polyelectrolytes ionize completely in a solution,

weak polyelectrolytes ionize only partially.

Polyacrylic acid is water-soluble anionic (negatively charged) polyelectrolyte. PAA

consists of carboxyl functional groups, making it highly sensitive to pH changes.

pH measurement is one of the most commonly used methods for studying ionization
processes. It provides valuable information about the degree of ionization and the acid-
base behaviour of substances in solution. Titration is a commonly used method when
talking about pH changes. Titration curve of a strong electrolyte, for example, typically
exhibits a sigmoid shape. In contrast, titration curve of more complex systems, like poly-
electrolytes, can deviate significantly from this shape. This deviation is largely influenced
by the solution’s ionic strength, which affects the electrostatic interactions and the activ-
ity of ions in the system. Therefore, understanding the role of ionic strength is essential

when analysing the behaviour of weak electrolytes and polyelectrolytes during titration.
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Figure 1: Titration curves of polyacrylic acid with different chain length in comparison
with acrylic acid”

The aim of this thesis is to investigate how external conditions, such as pH and ionic

strength, influence the behaviour and ionization of PAA in the semi-dilute regime.



2 Theoretical part

2.1 Polymer solutions

Polymers in solution exhibit distinct behaviour depending on their concentration. This
behaviour arise due to how polymer chains interact with each other and the solvent. As the
concentration of polymer increases, the solution passes through different regimes: dilute,
semi-dilute, and concentrated. Each regime has unique physicochemical properties that

depend on the polymer structure and interactions of the polymer chains®.

In the dilute regime, polymer coils are sufficiently separated such that they do not over-
lap or interfere with one another. Each polymer chain behaves independently, occupying
its own volume. The conformation of each chain results from a balance between ther-
mal fluctuations and solvent-polymer interactions. The size of a polymer coil is strongly
influenced by the solvent quality and the nature of excluded volume interactions. In a
good solvent, strong polymer-solvent interactions cause the chain to swell, leading to a
radius of gyration scaling as R, ~ N5, In contrast, in a theta solvent, where attractive
and repulsive interactions cancel on average, the polymer behaves like an ideal Gaussian
chain with R, ~ N5, These scaling laws are fundamental in polymer physics, confirmed
by a wide range of experiments, simulations, and theoretical models®®1%. The radius of
gyration serves as representative example of how polymer size depends on chain length

and solvent quality, and was not measured in this thesis.

Overlap concentration, usually marked as cx, is a critical concentration at which oc-
curs the transition from the dilute to semi-dilute regime. The average distance between
polymer chains becomes comparable to the size of an individual coil. The overlap con-

centration can be described as

¢~ (1)

where N is degree of polymerization, b is statistical segment length, and R is the size of
a chain. This relation reflects the condition that the volume occupied by the polymer

segments at the overlap concentration is comparable to the polymer coil’s volume itselfS.

Above ¢*, the solution enters into what is known as the semi-dilute unentangled regime.

In this regime, polymer chains start to overlap, yet avoiding topological entanglements.



The solution exhibits viscoelastic behaviour, demonstrating both liquid-like and solid-like
properties due to hydrodynamic interactions, although these interactions are not strong

enough to significantly restrict chain mobility®.

In the semi-dilute unentangled regime scaling laws become particularly important for
characterizing polymer solution properties. Solution viscosity follows power-law depen-
dency on concentration. For example, specific viscosity scales approximately as 7, ~ ¢**!,
illustrating the resistance in movement of chains due to their overlapping interactions®!!.

Although viscosity was not measured in this thesis, it serves as a representative example

of how polymer solution’s properties can change abruptly during regime transitions.

A key characteristic of semi-dilute regime is the correlation length, £, representing the
average distance over which polymer chains exhibit correlated fluctuations!?. This means
that at distance r < £ the segments experience excluded-volume interactions, resulting in
non-ideal chain conformations. However, at distance r > £ the dense network of overlap-
ping chains screens those interactions and the chain follows ideal (Gaussian) statistics®.
As polymer concentration increases, the correlation length decreases, indicating more

denser polymer network.

As the concentration increases, the solution reaches entanglement concentration (c.),
where chains are sufficiently overlapped and begin to form a network of entanglements.
This denotes the transition to semi-dilute entangled regime. Here, the motion of each
polymer chain is significantly restricted by neighbouring chains. Specific viscosity follows
relation

nsp ~ C2.56 (2>

Specific viscosity increases more steeply with concentration compared to unentangled

regime'!. As the result, mechanical and rheological properties change dramatically.

In the concentrated regime (¢ > ¢**), polymer chains are densely packed, which means
that their motion is highly restricted. Solution behaves more like a transient network,
leading to higher viscosity compared to semi-dilute regime. Correlation length decreases

to nanometre scale.
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Figure 2: Concentration regimes of polymer solutions!3

2.1.1 Polyacrylic acid

Polyacrylic acid (PAA) is a synthetic water-soluble polymer derived from the poly-
merization of acrylic acid monomers. It exhibits a range of distinctive physicochemical
properties, such as pH sensitivity, high water absorption capacity and polyelectrolyte
behaviour, making it a versatile material across diverse industries: from biomedical engi-

neering to personal care'4.

The structure of PAA consists of repeating acrylic acid units, with general formula
~|CHy—CH(COOH)],,—. PAA is primarily synthesized via free radical polymerization of
acrylic acid. Initiators such as potassium persulfate or benzoyl peroxide are commonly
used!®. While conventional free radical polymerization is widely used for its simplic-
ity, advanced polymerization techniques like RAFT and ATRP offer greater control over
molecular weight distribution and enable to achieve polymer with defined architecture.
In this work, the synthesis of PAA was not performed and is discussed here solely for

informational purposes.

Molecular weight significantly influences its behaviour and application. Low molecular
weight (M, < 20kDa) PAA behaves as simple anionic polyelectrolyte that can be absorb
on mineral or pigment surfaces and are sold as high-efficiency scale inhibitor or dispersant
additives such as at ACUMER" 1000 Polymer. In contrast, high molecular weight PAA,
when lightly cross-linked, swell into super-absorbent hydrogel that can hold hundreds of

times their own mass (Carbopol®). Molecular weight can be controlled through initiator
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concentration, temperature, reaction time and CTAs. For example, by increasing initiator

concentration more short radical chains will be formed 6.

One of the key features of PAA is its solubility in water and pH-responsiveness. The
carboxylic groups ionize in aqueous solution under basic conditions, forming negatively
charged carboxylate ions. The ionization induces electrostatic repulsion between polymer
chains, causing them to swell. In contrast, in acidic conditions, carboxylic groups become

protonated, minimizing repulsion, which leads to polymer chain collapse.

As a weak polyelectrolyte, PAA’s behaviour depends on environmental conditions such
as pH, ionic strength and temperature. In ionized state, PAA forms extended coils due to
intra- and inter-chain electrostatic repulsion. This results in a characteristic rheological

property as shear thinning.

PAA demonstrates moderate thermal stability, with decomposition beginning typically
above 175°C'7. Its mechanical properties depend on molecular weight, degree of cross-
linking, or ambient humidity. In aqueous solutions, PAA behaves as viscoelastic fluid,

whereas cross-linked PAA can exhibit elastic or plastic behaviour.

PAA is a multifunctional polymer used in wide range of fields. For instance, low M,
PAA can be used as general purpose water treatment antiscalant (Aquatreat@®AR 901).
In biomedicine, PAA hydrogels exhibit a sharp swelling transition around pH 5-7, allowing
them to protect active compounds in the acidic environment of the stomach and release
them in the intestine or tumour environment, making PAA a key material in modern

hydrogel-based drug-delivery systems!®.

2.2 Titration

Titration is a fundamental technique used in analytical chemistry to determine the pre-
cise concentration of the analyte in a sample. The procedure involves gradual addition of
titrant, a solution of known concentration, into the analyte until it reaches the equivalence

point, where the titrant and analyte have reacted in exact stoichiometric amount.

Since the equivalence point is a theoretical concept, it cannot be measured directly.
Instead, it is typically approximated by detecting a physical change, such as colour change

or change in response of an instrument, that signals chemical equivalence. This observed
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change occurs in what is known as the end point .

Indicators are chemical substances often used in titration to signal the end point.
An ideal indicator changes colour as close as possible to the actual equivalence point.
Common indicators are phenolphthalein and methyl orange. In some titrations, self-

indicating titrants like potassium permanganate are used.

One of the strengths of titration lies in its accuracy and simplicity. It is widely used

in various fields such as pharmaceutical, environmental, food analysis and industrial?.

2.2.1 pH of a weak polyelectrolyte

pH scale gives us the acidity or alkalinity of solutions, defined as negative logarithm of
activity of hydrogen ions

pH = —10g10<aH+) (3)

Activity refers to the effective concentration of species in solution and is defined as

a="-c, (4)

where v is activity coefficient. The activity coefficient is usually assumed to be approxi-

mately equal to 1, v &~ 1, which result in the approximation

pH ~ —log[H], (5)

where [HT] is hydrogen ion concentration. On pH scale values below 7 indicate acidic
solutions, pH = 7 is neutral (pure water at 25°C) and values above 7 indicate alkaline
solutions. The pH scale typically ranges from 0 to 14, but negative pH and pH above 14

can occur in highly concentrated solutions.

Strong electrolytes, such as strong acids (HCl) or strong bases (NaOH), dissociate
completely in aqueous solutions. This means, that the concentration of hydrogen ions or

hydroxide ions is directly proportional to the initial concentration of the acid or base.

In contrast, weak electrolytes, such as weak acids (CH;COOH) or weak bases (NHj),
dissociate partially in aqueous solutions. Equilibrium between the dissociated and undis-

sociated forms depends on the equilibrium constant (K, for acids and K, for bases). The
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resulting pH depends not only on initial concentration but also on the strength (degree

of ionization) of weak electrolyte.

l—«o

pH — pK, = —log

This equation is known as Henderson-Hasselbalch equation.

Ionic strength defines total ion concentration in solution and can be mathematically

expressed as
n

1 2
I = 5201-21-, (7)

i=1

where ¢; is molar concentration of ions ¢ and z; is charge of ion 1.

Weak polyelectrolytes, like PAA, possess multiple ionizable groups. Their dissociation
depends heavily on hydrogen ion activity and intramolecular electrostatic interactions,

creating complex equilibrium that differs significantly from simpler electrolyte solutions.

Calculating pH of weak polyelectrolyte is challenging due to multiple ionizable groups.
This means we should account ionic strength and local electrostatic interactions. One
comprehensive approach to describe these interactions is represented by

-« Alztz VI

H-pK,=k-a—1lo +k ,
p p g o Vl—I—B-T-\/T

(8)

where k and k., are adjustable parameters, A = 0.5085 mol~'/2dm®?2 and B = 0.3281 x
10~% cm'mol~/2dm?3/? are constants, r = 9 A is the distance of closest approach of
ions. The final term in Equation (8) serves as the correction for non-ideality, specifically

accounting electrostatic interactions between charged species.

2.2.2 Potentiometric titration

Potentiometric titration using titrator is modern analytical technique in which titrator
is used to add titrant to a sample solution while measuring the change in electrical poten-

tial. Unlike manual titrations, titrator allows to reach high precision and reproducibility.

The principle of potentiometric titration lies in monitoring the potential of an electrode

as a function of volume of the titrant. The resulting plot of potential (pH) versus added

13



volume forms sigmoid curve where the inflection indicates the equivalence point.

An automatic titrator usually consists of titrant reservoir with dosing system, titration

vessel, stirrer, pH electrode, thermometer and computer with analysis software.

Before performing a potentiometric titration, the electrode should be calibrated. Cal-
ibration is a critical step here because it ensures that the electrode provides accurate
and reproducible measurements. Since the end point relies on the potential measured by
electrode, any drift or inaccuracy can lead to a significant errors. Calibration is typically
performed in two or three standard buffer solutions (e.g., pH 4.00, 7.00 and 10.00) de-
pending on pH range of interest. There are two key calibration criteria. The first one is
slope. A slope between 95% and 105% of the ideal Nernst slope, which approximately
equals to 59.16 mV /pH at 25°C, is generally acceptable. The second criteria is offset, also
known as zero potential, which is measured potential in a neutral buffer solution. The

ideal offset is 0 mV, but value within + 30 mV is considered acceptable.

Automatic titrators offer several advantages over manual titration. They enhance
precision, reduce operator variability and are well-suited for experiments with minimal
supervision. The equivalence point is determined by analysing the rate of pH change,

often using mathematical methods such as first derivative of the curve.

Despite their advantages, automatic titrators require regular maintenance, proper cal-
ibration and training to operate correctly. Errors can arise if electrode is not properly
cleaned, if titrant solution is not correctly standardized or if the software parameters are
improperly configured.

2.2.3 Limitations of pH measurements
Several factors can affect accuracy and reliability of the measurement .

1. Calibration error

Improper or infrequent calibration of pH electrode can result in systematic measure-
ment errors. This may occur due to outdated buffers, temperature mismatch or incorrect

calibration procedure, leading to inaccurate slope or offset value.

2. The alkaline and acid error

14



At extreme pH, especially above 12 (alkaline error) or below 1 (acid error), the electrode
may deviate from normal behaviour. This occurs due to electrode reacting to other ions,

causing a drift in measured pH.
3. Dehydration

Glass electrode depends on a hydrated layer for ion exchange. If electrode dries out
due to improper storage or prolonged use in non-aqueous solutions, the response becomes

inaccurate.
4. Viscosity of the solution

Highly viscous samples can hinder the diffusion of hydrogen ions to the electrode

surface, leading to slow response time and unreliable readings.

2.3 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is nondestructive analytical technique used in
chemistry, physics and medicine, to study the properties of atomic nuclei. It is based on
the property of many nuclei called spin. The spin generates magnetic moment, and this
results in them behaving like tiny magnets. When placed in a strong external magnetic
field, it forces nuclei to align with or against this magnetic field, resulting in different
energy states. This means that the energy absorbed or emitted by these nuclei varies
according to their chemical origin. By analysing nuclei response to magnetic field, we can

obtain precious information about structure, dynamics and interactions of molecules?!.

2.3.1 Principles of NMR spectroscopy

The core quantum principle of NMR is that many nuclei possess an intrinsic angular
momentum called spin, which is characterized by the quantum number /. This number
may only be integer or half-integer. Nuclei with I # 0 are NMR-active, while those I =0
are NMR-silent. For given nucleus the number of distinct magnetic orientations available

in a static field is 27 + 1.

Every molecule with non-zero spin has magnetic moment, p. The magnetic moment

operator [ is directly proportional to its spin angular momentum operator I. The relation

15



is
ji=hl, 9)

where v is gyromagnetic ratio and 7 is reduced Planck constant?2.

Each isotope has a unique ~ value. A large v as in 'H or '%F means that they generate
strong magnetic field and therefore produce robust NMR signal. Isotopes with small ~,

like 15N, are far less sensitive. In NMR, 7 serves as ’sensitivity index’.

When external magnetic field By is applied, magnetic field interact with magnetic
moment of atom’s nucleus. The magnetic field influences the energy levels of different
nuclei unequally, leading to separation of spectral lines. This is known as Zeeman‘s
effect. The separation is always proportional to gyromagnetic ratio and to magnetic

field’s strength.

In the presence of external magnetic field, nuclei exhibit precessing motion around
the direction of magnetic field. This motion occurs at specific frequency called Larmor
frequency which is unique to each nucleus. Larmor frequency is measured during NMR
experiment and is defined as

v=r-By (10)

When individual magnetic moments of nuclei in a sample combine, they produce what
is known as net magnetization vector. Since magnetic moments are vectors, which are
aligned randomly, the net magnetization of a sample is zero. However, when external
magnetic field is applied to the sample, the net magnetization aligns with the direction

of applied field?3.

2.3.2 Chemical shift

Chemical shift is core value reported in NMR spectra. It measures how far the res-
onance frequency of a given nucleus is displaced from reference compound. Because
chemical shift is given as ratio (ppm, parts per million) rather than an absolute frequency
in Hertz, spectra collected at different magnetic field strengths are directly comparable.
For instance, a signal at 1.000 ppm on a 300 MHz spectrometer will also appear at 1.000
ppm on an 800 MHz spectrometer.

16



Chemical shift of nucleus, 9, is defined as

vV — Vref

§ = 10%( ), (11)

Vref
where v is the frequency of nucleus and v, is the frequency of a standard.

As reference compound, for organic solvents is usually used TMS, while for aqueous
solution DSS is used. Reference compound gives one signal, which is singlet, at 0 ppm.
But, all other protons in DSS give minor peaks at around 2.91 ppm, 1.75 ppm and 0.63
ppm with total intensity 22% of the main signal, so they rarely interfere with analyte’s

spectra.

2.3.3 Solvent suppression

In NMR experiments it is often necessary to use solvent that also contains nuclei of
the type being observed??. To solve this issue, solvent suppression techniques have been
developed to reduce or eliminate solvent peak intensities, thereby enhancing the visibility

of solute signals.

Presaturation is one of the simplest and most widely used techniques. It involves
application of soft pulse at the resonance frequency of solvent. This pulse saturates
solvent magnetization, resulting in significant reduction of solvent signal in spectrum.
However, presaturation can affect nearby resonances and is best suited for cases where

the solvent peak does not overlap with analyte signals.

2.3.4 Pulse experiments
In 'H pulse experiments, short pulses are used to turn net magnetization from z-axis
into transverse xy-plane, initiating free induction decay (FID), which is then detected??.

PO ph1=[0,2..]
4180

ZE MC

30m 5

o R ——

MHMC 1]

U |

F1

Figure 3: 'H pulse program
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In 3C pulse experiments, similar principle applies, but challenges arise due to the low
natural abundance (1.1%) and lower sensitivity of 3C isotope. This necessitates longer

acquisition times or use of signal enhancement techniques such as proton decoupling?*.

P1 ph1=[0,2..]
ou
1 2
ZE MC
ll D11 D11 D1
30m 30m 30m 3 W % 30m
T
F1 I
PLW 12
0.7
F2
Figure 4: 13C pulse program
2.3.5 DOSY

Diffusion-ordered spectroscopy (DOSY) is advanced NMR technique that provides in-
sight into the diffusion behaviour of molecules in solution. Unlike traditional NMR, which
primarily focuses on chemical shifts, DOSY helps to separate molecules based on their

translational diffusion coeflicients.

The fundamental principle of DOSY lies in the fact that different molecules diffuse with
different rates based on their size, shape and interaction with the solvent. In a typical
DOSY experiment, a spin echo spectrum is recorded with varied pulsed field gradient
strengths. As the gradient strength increases, molecules that diffuse more rapidly have

more pronounced attenuation of their signals?.

Double stimulated echo with bipolar gradients (DSTEBP) is an extension of the stan-

dard DOSY which allows to achieve more reliable results?6.
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Figure 5: DOSY pulse program

In DOSY, signal attenuation due to molecular diffusion at different pulsed field gradient
strengths is a key measurable parameter. The intensity of NMR signal decreases and this
decay can be modelled to extract diffusion coefficients. Sometimes, for polymer solutions
signal attenuation cannot be described by a single diffusion coefficient. Instead, in this

thesis, bi-exponential model is used
I(z) = a- e k0" (A=5)Dr | j . o~ha®6%(A=5)-Do (12)

where a and b are relative contributions of the two exponential components, D; and
D, are translation diffusion coefficients, A is diffusion delay, ¢ is time during which the
gradients were switched on (PFG duration), z is gradient strength and k is experimentally
determined constant, which was calibrated using water solution with well-known diffusion

coefficient.

2.3.6 Applications

NMR is widely used in organic chemistry for determination of unknown substances,

for verification of synthesized compounds and for investigation of reaction mechanisms.

Beyond chemistry, NMR has significant application in medicine, known as Magnetic
Resonance Imaging (MRI). By detecting the difference in concentration and relaxation
properties of water molecules in various tissues, it generates high-resolution images of soft

tissues
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3 Experimental part

3.1 Chemicals and instrumentation

Titrator Metrohm 888 Titrando

Electrode Metrohm LL Biotrode 3mm WOC
NMR spectrometer Bruker Avance I1I HD 600 MHz
1M NaOH Carl Roth GmbH & Co. Kg

5M NaOH VWR International

Poly(acrylic acid), 25 wt% soln. in water (My, = 240 kDa) Thermo Fisher Scientific Inc

pH buffer solution ROTILABO®) pH 4.01 in sachets Carl Roth GmbH & Co. Kg
pH buffer solution ROTILABO®) pH 7.00 in sachets Carl Roth GmbH & Co. Kg
pH buffer solution ROTILABO®) pH 10.01 in sachets Carl Roth GmbH & Co. Kg
Ultrapure water Milli-Q®)

3.2 Nuclear Magnetic Resonance

Each sample was prepared as follows. PAA was first weighed into a vial, then diluted
with ultrapure water. A measured volume of NaOH solution was added until the required
degree of neutralization (o) was reached. About 0.5 mL of sample was transferred to an
NMR tube. Finally, internal standard in special inner tube containing DO and traces of

DSS was inserted.

One-dimensional 'H and *C NMR spectra were acquired on a Bruker Avance III spec-
trometer operating at proton Larmor frequency of 600 MHz and equipped with standard
5 mm BBO probe. The values of chemical shift were evaluated as the centre of mass of

carbonyl region.

Translation diffusion coefficients were measured using DSTEBP pulse sequence?® with
32 gradient steps with gradient strength incrementing from 5% to 98% of the maximum

value (50 G cm™!). Gradient pulses of 2.5 ms duration were separated by a diffusion
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delay of 1 s. The absolute diffusion coefficients were calibrated by setting the diffusion
coefficient of the residual HDO signal to 1.90 x107% m? s=! at 25°C?7. All spectra were
processed in TopSpin 3.6 (Bruker), and the DOSY intensity decays were fitted in Origin
using Stejskal-Tanner Eq. (12).

3.2.1 'H spectra

Figure 6 shows the 'H spectrum of 1.575M solution of PAA at degree of ionization
0.380. A highly intense peak is observed at around 5 ppm, which corresponds to the
solvent signal (water). Broad resonance at around 2 ppm arises from hydrogens along the
polymer backbone. A sharp singlet at 0.00 ppm originates from DSS, which is used here
as an internal standard for chemical referencing.

Morozova PAA 76 1 /data/zdenek

Sample 2-02 with insert
1H ~
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Figure 6: 'H spectrum of 1.575M solution at a = 0.380

Figure 7 shows the 'H spectra of 0.4M solutions of PAA at different degrees of ioniza-
tion. Blue corresponds to a = 0.207, red to a = 0.725 and green to a = 0.996. As degree
of ionization increases, chemical shift decays, indicating increased shielding. This effect
is likely due to deprotonation of carboxylic groups. Additionally, ionization may alter the

polymer’s conformation or solvation shell, further modifying the magnetic environment.
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In almost non-ionized state, spectrum has sharper, more defined peaks. As ioniza-
tion increases, broadening begins due to electrostatic interactions. In fully ionized state,
broadest signals with reduced fine structure are observed due to ion-ion and solvent-ion

Interactions.

The appearance of a triplet in fully ionized spectrum is likely attributed to reduced

conformational averaging.
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Figure 7: 'H spectra of 0.4M solutions of PAA at different degrees of ionization: blue -
0.207; red - 0.725; green - 0.996

3.2.2 13C spectra

Figure 8 shows the 3C spectrum of 1.575M solution of PAA at degree of ionization
0.380. A prominent resonance near 180 ppm attributes to the carboxyl carbon of -COOH /-
COO™ group, reflecting both protonated and deprotonated species under this conditions.
Multiple peaks between 40 and 60 ppm correspond to the aliphatic carbons of polymer
backbone.
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Figure 8: 13C spectrum of 1.575M solution at ionization 0.380

The degree of ionization, «, was calculated based on the chemical shift changes of
carboxyl group. To establish reference points, it was assumed that the sample without
any addition of NaOH (initial pH) was non-ionized (a = 0.000) and the sample prepared
with large excess of NaOH was considered fully ionized (v = 1.000). The degree of
ionization for all other samples was then determined by linear interpolation of chemical

shifts between these reference values.

Figure 9 presents the carboxylic region of 1*C spectra for 0.4M PAA solutions at differ-
ent degrees of ionization. As ionization increases carboxyl signal undergoes downfield shift
and broadening. At low ionization, a sharp peak at approximately 183 ppm represents a
largely protonated environment. In partially ionized state, the signal broadens indicating
dynamic equilibrium between -COOH and -COO~ species. At high ionization, doubled

peak arises due to conformational rearrangements.
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Figure 9: 3C spectra of COOH group of 0.4M solutions of PAA at different degrees of
ionization: blue - 0.207; red - 0.725; green - 0.996

3.2.3 DOSY

Figure 10 presents the signal intensity decay as a function of gradient strength. Ex-
perimental data were fitted using Eq. (12), which describes a bi-exponential decay model

to account the presence of two diffusing components.
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Figure 10: dependence of magnetic field’s gradient on intensity of signal of 0.846M PAA
solution at degree of ionization 0.529 fitted by Eq. (12)

Diffusion coefficients and relative contributions were obtained by fitting signal atten-
uation to a bi-exponential decay model using Origin. The results corresponding to the

polymer sample shown in Figure 10 are summarized in Table 1 below.

Dy, m?s7! ] 1.24 x 10712
Dy, m?s7! | 1.22x 1071
a 79%

b 21%

R-Square 0.9999

Table 1: diffusion coefficients and relative contribution obtained from bi-exponential fit-
ting. Results are given for sample from Fig. 12

Figure 11 represents the concentration behaviour of two translational diffusion coeffi-
cients Dy and Dy obtained from bi-exponential fitting of different polymer solutions at
varying degrees of ionization. The x-axis represents polymer concentration on logarith-
mic scale. Different colours correspond to different ionization degrees, ranging from 0.0

(non-ionized) to 1.0 (fully ionized).
Across all ionization states, both diffusion coefficients decrease with increasing polymer
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concentration. Notably, at low concentrations and low degrees of ionization, both diffusion
coefficients are significantly higher, indicating minimal interchain association, resulting in
higher chain mobility. At higher concentration, diffusion coefficients drop due to increased

polymer-polymer interactions.
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Figure 11: concentration dependence of two diffusion coefficients; colors indicate
ionization degree: 0.0(red), 0.2(blue), 0.4(magenta), 0.6(navy), 0.8(green) and 1.0(pink);
filled squares represent D, while opened - D,

Figure 12 represents the concentration behaviour of two translational diffusion coef-
ficients Dy and D5 in non-ionized state. The change in direction, indicated by dashed

vertical line, corresponds with overlap concentration, which here equals to 0.4M.
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Figure 12: concentration dependence of two diffusion coefficients for non-ionized
samples; filled squares represent Dy, while opened - D,; dashed vertical line marks the
transition between dilute and semi-dilute regimes

3.3 Titration

Each sample was prepared as follows. PAA was weighed directly into a titration flask
in an amount that would give the desired concentration in a final volume of 2.5 mL.
The exact mass of PAA was recorded, after which the precise volume of ultrapure water
required to reach that concentration was calculated. This volume of water was then added

gravimetrically and the actual PAA concentration was recalculated.

The degree of ionization o of PAA was calculated using following expression

—pH Kw
o = Nt PP 7 e (13)

)
CPAA

where cn,+ is concentration of added sodium ions, cpaa corresponds to total concentration

of polymer and K, is equilibrium constant for self-ionization reaction of water.

In subsequent experiments, ¢/c* will be reported to enable better comparison with

simulation results.
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3.3.1 Dilute regime

Three different solutions were measured in dilute regime. Each figure shows the titra-
tion curve plotting degree od ionization, calculated using Equation (13), against pH -
pK,. In this thesis, pK, value of acrylic acid, which equals 4.25 at 25°C, was used?®.

Figure 13 shows most dilute concentration measured.

It was primarily chosen for
setting up and validating the experimental method. The experimental data were fitted

using Equation (8) for degrees of ionization from 0.0 to 0.83.
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Figure 13: titration curve: dependence of o on pH - pK, for ¢/c* = 5.33 x 1072

Table 2 presents the parameters obtained from fitting the titration curve corresponding
to the sample shown in Fig. 13.

k 3.4
k. 27.2
R-Square | 0.9999

Table 2: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 13

Figure 14 shows intermediate dilute concentration measured compared to NMR results
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and simulation® results. The experimental titration data were fitted using Equation (8)
for degrees of ionization from 0.0 to 0.89.
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Figure 14: titration curve: dependence of a on pH - pK, for ¢/c* = 2.66 x 10~*

Table 3 presents the parameters obtained from fitting the titration curve corresponding
to the sample shown in Fig. 14.

k 2.9
k., 9.7
R-Square | 0.9998

Table 3: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 14

Figure 15 shows highest concentration studied within dilute regime compared to NMR

results. The experimental titration data were fitted using Equation (8) for degrees of
ionization from 0.0 to 0.82.
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Figure 15: titration curve: dependence of o on pH - pK, for ¢/c* = 5.56 x 107!

Table 4 presents the parameters obtained from fitting the titration curve corresponding

to the sample shown in Fig. 15.

k 2.3
k., 6.3
R-Square | 0.9999

Table 4: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 15

3.3.2 Semi-dilute regime

Figure 16 shows lowest concentration studied within semi-dilute regime compared to

NMR results.
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Figure 16: titration curve: dependence of o on pH - pK, for ¢/c* = 1.05

Table 5 presents the parameters obtained from fitting the titration curve corresponding

to the sample shown in Fig. 16.

k 3.1
k, 2.9
R-Square | 0.9997

Table 5: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 16

Figure 17 shows intermediate concentration studied within semi-dilute regime com-

pared to NMR results and simulation results.
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Figure 17: titration curve: dependence of a on pH - pK, for ¢/c¢* = 2.21

Table 6 presents the parameters obtained from fitting the titration curve corresponding

to the sample shown in Fig. 17.

k 2.7
k, 2.5
R-Square | 0.9996

Table 6: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 17

Figure 18 shows highest concentration studied compared to NMR results.
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Figure 18: titration curve: dependence of o on pH - pK, for ¢/c* = 4.62

Table 7 presents the parameters obtained from fitting the titration curve corresponding

to the sample shown in Fig. 18.

k 2.6
k., 0.6
R-Square | 0.9994

Table 7: parameters obtained from fitting of titration curve. Results are given for sample
from Fig. 18

Figure 19 shows comparison of all titration curves. The curves represent connected

data points, and the legend indicates concentration as c¢/c*.
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Figure 19: comparison of all titration curves: dependence of o on pH - pK, for all
concentrations

3.4 Discussion of results

One of the main challenges encountered in this study is the deviation between experi-
mental titration data from both NMR data and theoretical predictions at high degrees of
ionization, from approximately a ~ 0.8. A key factor behind this deviation can be elec-
trostatic repulsion that develops along the polymer backbone as more carboxyl groups
ionize. In the highly charged state, the polymer chains can adopt collapsed conforma-
tions, in which deprotonated carboxyl groups are oriented toward the outer surface, while
protonated groups remain shielded in the interior of the polymer coil. This structural
organization creates a barrier to diffusion, limiting the accessibility of Na™. As a result,
even though titration continues, some carboxyl groups remain unreacted, leading to an

underestimation of the degree of ionization.

From Figure 19 it is very clear that as the concentration increases, the titration curve
moves downward. This trend reflects the influence of increased polymer concentration

on the ionization behaviour of polyacrylic acid. However, at c¢/c* = 1.05, the titration

34



curve shifts slightly upward. This behaviour likely corresponds to the transition between
dilute and semi-dilute regimes. From this point onward, with increasing concentration

the downward trend continues.

Another important aspect are values of k., constant which accounts activity correc-
tion due to non-ideal behaviour. The results indicate that as polymer concentration
increases, k, decreases, suggesting that the non-ideality diminishes at higher concentra-
tions. This situation may seem counterintuitive, as higher concentrations often associates
with stronger ion-ion interactions. The observed behaviour of weak polyelectrolyte is more
complex then initially expected. This complexity is likely influenced, to some extent, by

changes in solutions viscosity.

Another significant issue appears to be incomplete equilibrium during titration at high
ionization. As polymer becomes charged, diffusion slows down and conformational changes
take longer. Although the titrator may detect almost stable pH reading, the polymer
system may not have reached full equilibrium on a microscopic level. In contrast, in
NMR all samples were prepared in advance to ensure that complete equilibrium was

reached before measurement.

A further complication arose from changing viscosity in highly ionized solutions?®. This
increase in viscosity can hinder molecular mobility, slowing down the diffusion processes

and potentially preventing system from reaching equilibrium during titration experiments.

3.5 Study limitations and future perspectives

While this study provides valuable insights into the ionization behaviour of polyacrylic
acid in the semi-dilute regime, several limitations should be acknowledged, as they are

also represent opportunities for future research.

A key area for improvement lies in ensuring full equilibrium during titration, par-
ticularly at high degrees of ionization. Extending minimal equilibration times between

titration steps could mitigate this issue and improve the reliability of titration data.

Another important limitation is the lack of measuring solutions viscosities as it could
provide deeper understanding of the macroscopic changes associated with chain overlap.

Similarly, incorporating Dynamic Light Scattering would allow to monitor hydrodynamic
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radius in response to changes in ionic strength and pH.

Sample quality is also a critical factor. Gel Permeation Chromatography could be em-
ployed in future studies to control molecular weight distributions, to ensure reproducibility

of experiments.

Finally, although DOSY was employed to determine the overlap concentration, further
data - especially for ionized samples - would help to understand the diffusion behaviour

across different regimes in ionized state.
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4 Conclusion

DOSY NMR experiment was performed to investigate the diffusion behaviour of poly-
acrylic acid. Bi-exponential fitting revealed the presence of two distinct diffusion co-
efficients. Both diffusion coefficients decreased with increasing concentration, reflecting
increasing solution viscosity. Ionization was found to significantly influence diffusion be-

haviour.

Overlap concentration was determined using DOSY NMR experiments, which provided
diffusion coefficients across a range of polymer concentrations. In non-ionized solutions, a
clear change of slope at concentration 0.4M was observed, indicating transition from the

dilute to the semi-dilute regime.

For defined degrees of ionization at each concentration, the theoretical model demon-
strates excellent agreement with experimental data. The model effectively captures the
underlying physicochemical processes, the influence of ionic strength and electrostatic

Interactions.

However, the model could not be reliably tested at high degrees of ionization due to
unreliable experimental results. Specifically, the system’s equilibrium was established too
slowly for the titrator to detect accurately, leading to untrustworthy results. Addition-
ally, structural rearrangements may occur with the polymer forming compact coil-like
structures, which shields —COOH groups from NaOH, further contributing to incomplete

deprotonation.
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