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Introduction
Polyelectrolytes are substances that many scientists are working on and trying

to clarify their complex behavior. They are challenging for experimental and
theoretical researchers. Moreover, the synthesis of functional polyelectrolytes is
a very demanding task. Among the interesting properties belong pH-responsive
behavior (which is the topic of this thesis), thermoresponsive behavior and much
more.

In general, polyelectrolytes have promising applications in many fields and
can be used in optics as contact lenses or even in electrooptics.[1] Other up-and-
coming use is for controlled-release drug delivery, tissue engineering, implants
or even some systems can respond to specific substances, which can be used for
biosensors. Another utilization for day-to-day life is in hygiene products as baby
diapers or feminine incontinence products. Materials used for this application are
called superabsorbent polymers, which are known because of their high swelling
capacity.[2][3][4][5][6] Moreover, polyelectrolytes occur commonly in nature, as for
example RNA, DNA, polypeptides, proteins and cellulose derivatives.[7] Although
they are a common part of our everyday life, there is much about them to discover.
Better understanding of PEs can lead to progress also in other fields than just
chemistry, but also medicine, biomedicine or biophysics.

The particle size and characterization of particles (specifically nanoparticles)
shape is a crucial factor for biological or biomedical applications. The mentioned
particle size influences permeation through biological membranes, which is sig-
nificant for drug delivery systems. The pharmaceutical applications increasingly
include nanoparticles to the formulation process due to the advantages, which
those carriers provide. Such effects are better bio-availability and reduced risk
of side effects. An insidious disease, in treatment of which those particles can be
utilized, is cancer.[8]

In this thesis, three different polyelectrolytes were studied with three different
molecular weights. The pH-responsive behaviour was studied in three different pH
conditions. The methods used for characterization and description of interesting
behaviour were light scattering, specifically dynamic and static light scattering,
measurements of zeta potential combined with potentiometric titration and small
angle X-ray scattering, where the measurements were carried out in Biocev, Vestec.

This thesis is a part of long-term interdisciplinary research of Soft Matter
group, which consists of primary synthesis of polyelectrolytes, characterization, self-
assembly, tests of bio-compatibility and much more. One of the polyelectrolytes
tested in this thesis was previously studied in the form of block A in amphiphilic
block copolymers AB, AC or ABC.[6][9][10] However, so far the influence of molar
mass and pH on the behavior of the polyelectrolyte block itself has not been
studied.
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1 Literature overview
1.1 Polyelectrolytes

Special type of macromolecules – polymers, which carry charged groups (and
they are ionizable), are called polyelectrolytes (PEs). These ionisable groups could
be negatively or positively charged after dissociation in polar solvents.[11] PEs,
which contain strong acid or base groups, are called strong and PEs, which contain
weak acid or base groups, are called weak. Those PE are described by their degree
of ionization, which is defined as a fraction of the number of all dissociated groups
to the sum of all dissociated and undissociated groups. A simple overview of PEs
is shown in Figure 1.1.

Figure 1.1 Schematic representation of PE chain (specifically polyanion) in solution
in presence of additional salt. PE chain contains monomeric units with ionized groups
(blue circles), non-ionized groups (yellow) and without ionizable groups (white). There
are displayed counterions of PE (pink) and anions from added salt (green). Molecules
of solvent are not included, because of clarity.

For description of PE behaviour, it is important to mention Coulomb law,
which defines electrostatic energy U . The interplay of electrostatic energy U and
thermal energy kBT is the main reason for the presence of special PE properties.

U = q1q2

4πϵϵ0r
(1.1)

The influence of electrostatic energy U is dependent on distance between
each charges. The distance at which the electrostatic interaction between two
elementary charges e is equal to the thermal energy kBT is defined as Bjerrum
length.[11] [12]

λB = e2

4πϵϵ0kBT
(1.2)

When the distance between two charged species is greater than the Bjerrum
length λB, electrostatic interactions are weak and the thermal energy kBT is
dominant. For a smaller distance than the Bjerrum length λB, electrostatic
interactions are dominant.
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Because solutions of PEs have to be electroneutral, their charged groups are
paired with counterions which, as mentioned before, dissociate in polar solvents.
These solutions can be prepared with the defined ionic strength of the solvent
and PEs are ionic-strength dependent. The influence of ionic stength is seen in
conformations and intermolecular interactions of PEs. Subclasses of PEs behave
slightly differently, for example polyanions or polycations form expanded structures
in low ionic strength solutions. On the other hand, polyampholytes (PAs), which
are described later, generally form shrunken structures, which decrease in size in
low ionic strength solutions.[13] Additionally, as a result, the hydrodynamic radius
can be tuned by different counterions.[14] If PEs are dissolved in solutions with
finite salt concentrations, the electrostatic interactions between charged moieties
are screened by salt ions. Moreover, some PEs require salt for dissolution.[11]
Generally, in the solution with added salt, we cannot distinguish which ion belongs
to the ionisable group of PE or has been in the solution before dissolution of the
studied PE.

PEs and counterions in solutions are attracted towards each other and as a
result, counterion condensation is promoted. It happens because of electrostatic
attractions between opposite charges and the loss of the translational entropy,
which is decreased when counterions and polymer chains are in the vicinity.
However, in very dilute solution, the situation is different, because the entropic
penalty is high and it is more efficient for counterions to stay ”free” in solution.[11]

PEs are sensitive for pH alternation and it influences physical state and chemical
structure. They can receive or release protons, so they undergo ionization and
it increases surface charge of polymeric chain. Polyacidic chains are expanded,
when pH of the solvent is greater than the pKA value and oppositely, while pH
of solvent is lower than the pKA value, the chain length is decreased. Although,
the polybase chain length is decreased while the pH of solvent is greater than
pKB and chain is expanded when the pH of solvent is lower than pKB.[5] PE
gels, which are a three-dimensional porous network structure, are also sensitive
for pH alternations. Swelling occurs because of internal electrostatic repulsion in
PEs with a net non-diffusible electric charge.[15] Degree of swelling (or absorption
capacity AC) is a value, which defines how much liquid can be absorbed.

AC = (m2 − m1)
m1

× 100% (1.3)

Where m1 is weight of the PEs before swelling and m2 is weight of the PEs
after swelling.[16]

PEs’ conformation is closely related to the number of ionized groups, because
electrostatic interactions which promote PE chains shrinkage. There are several
types of PE chain conformations: coil, sausage-like aggregate, necklace globule,
spherical globule, and fully stretched chain. Conformation is also dependent on
charge of the polymer. When the polymer is highly charged, the same charged
groups repeal each other, then the chain expands, and a rod-like conformation
is formed. The weakly charged polymer behaves differently. There is a smaller
number of charged groups, they do not repel as much as in highly charged polymers.
They tend to shrink and this conformation is called Gaussian coil.[11]

Compared to uncharged polymers, PEs behave differently in many ways. The
viscosity of an uncharged polymers is proportional to the concentration of the
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polymer.

η ∼ c (1.4)
While for PEs the Fuoss law applies, which says that the viscosity of the PE

solution is proportional to the square root of the PE concentration.[17]

η ∼
√

c (1.5)
Moreover, the osmotic pressure of salt-free PE solutions is greater than the

osmotic pressure of analogous uncharged polymers. As osmotic pressure is one of
the colligative properties, it depends only on the number of molecules present in a
solution. PE solutions contain polymer chains as well as numerous counterions in
comparison with the solutions of uncharged polymers, which contain only polymer
chains. Therefore, the total number of molecules in a PE solution is much higher, so
osmotic pressure of PE solutions is greater. The difference between a homogeneous
solution of PEs and uncharged polymers is also seen by light scattering because
of the peak which is only seen in PE solutions. The wave vector magnitude
interrelated to this peak rises with

√
c. The transition from a dilute solution to a

semi-dilute solution occurs at significantly lower polymer concentrations compared
to those of solutions containing neutral chains. In the semi-dilute regime, PE
chains follow unentangled dynamics across a broader concentration range, with
the transition to entangled dynamics occurring at concentrations beyond those
where uncharged polymers would typically overlap.[18][19][20] These solutions and
also concentrated solutions are displayed in Figure 1.2.

Figure 1.2 Representation of different concentration regimes of polymer solutions.

For understanding the Figure 1.2, we should define the segment concentration
of a flexible chain as c (we can also name it the number of segments) and the
segment concentration as a function of spatial distance c(x). In dilute solutions,
c(x) has discrete values because the chains are distant. A lot of fluctuations
are seen in semi-dilute regime, while in concentrated regime the values are not
fluctuating, so they are continuous. When the concentration is increasing from
the dilute regime to the semi-dilute regime, polymer chains are not as distant as
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before and start to crossover, but in some regions it happens more extensively
and in others less. Hence, fluctuations are observed. Lastly, in concentrated
regime, crossing over the chains becomes uniform and the solution is evenly filled
by polymer chains.[21]

Generally, PEs can be classified as weak or strong PEs - Figure 1.3. Poly(acrylic
acid) is a weak polyelecrolyte, because it can not bear negative charge in wider
range of pH values. Poly(N-butyl-4-vinyl-pyridinium) and poly(styrene sulfonic
acid) are strong polyelectrolytes, because they bear charge in wide range of pH.
Moreover, the first of them has a permanent positive charge, which is seen because
of structure regardless of pH or other properties.

Figure 1.3 Examples of strong and weak PEs. From left to right: poly(acrylic
acid), poly(N-butyl-4-vinyl-pyridinium) and poly(styrene sulfonic acid). To simplify the
presentation counterions are omitted.

For a weak PE, it is specific that it can be reformed to an uncharged polymer
by acidic or basic titration. Weak PEs, such as poly(methacrulic acid), do not
have a charge at low pH. However, as the pH increases, it gains a negative charge.
One of the first titrations of polyacids (specifically poly(methacrylic acid)) was
performed by Katchalsky and Spitnik.[22] They found out that the titration curve
of the polyacid is not the same as the ideal titration curve, which is described by
Hendersson-Hasselbalch equation. Low molecular compounds typically behave in
accordance to the ideal titration curve.

pH = pKA + log α

1 − α
(1.6)

They were working with the weak PE, for which ionization is suppressed in
comparison with the low molecular compounds. Ionization costs extra free energy
when neighbouring groups are ionized. Hence, other groups are not so willing to
ionize because of electrostatic repulsion between the ionized species. It is harder to
overcome the energetic barrier due to the extra energy cost and the titration curve
becomes less steep. But as the number of charged groups increases, the repulsion
between dissociated groups arises. This cause polymer chains to stretch during
titration, which helps charged groups to move further apart and thus reduces
electrostatic repulsion. In this case, work is being done against entropy, therefore,
titration is connected with disadvantageous interactions, which increase the free
energy of the chain by the enthalpy contribution.

On the other hand, strong PEs behave differently. They are charged at all pH
values; therefore, have a permanent charge, which cannot be removed. Examples
are polystyrene sulfonic acid and poly(allylaminehydrochloride).[23] [24] The
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equilibrium state of strong PEs is established quickly, allowing us to consider
their degree of ionization as a constant. By contrast, weak PEs are much more
dependent on the pH of solution, and we cannot say that their degree of ionisation
is a constant.

Another important attribute of PEs is the charge density, which is the amount
of electric charge Q per unit volume, surface area or length. Biological molecule,
which has the highest negative charge is heparin. It is commonly used as an
anticoagulant.[25] Charge density is an important factor, which affects several
non-negligible properties, such as absorption of PEs to specific surfaces (which
could be used in the cosmetic industry [26]) and conformation after absorption
and also degree of swelling of PEs could be tuned by that.[27]

Finer division of PEs consists of polyanions, polycations, PAs, and polyzwit-
terions (PZs). Examples of different types of PEs are shown in Figure 1.4. The
subclass PE belongs to it is seen after dissociation and charged species are dis-
played.[1]

Figure 1.4 Examples of different types of PEs. From left to right: poly(methacrylic
acid) - polyanion, poly[trimethyl(2-(acryloyloxy)ethyl)ammonium] - polycation,
poly(N-(propyl-3-sulfonate)-4-vinyl-pyridinium) - PZ and poly(L-lysine-L-co-glutamic
acid) - PA. To simplify the presentation counterions are omitted.

Figure 1.5 Schematic diagram, which displays relationships between each type of PE.
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Figure 1.5 shows schematic relationships between each type of PEs. PAs are
polymers that are made up of both positively and negatively charged monomer
units. Therefore, the monomeric units contain positively or negatively charged
groups and generally these monomer units alternate in the polymer chain.[28]
Typically, PAs have a non-zero net charge because some of the charged species
could be present only in a small pH window, apart from the narrow pH range,
where the number of oppositely charged species may be equal. Moreover, the
number of positively and negatively charged units may not be the same. Hence,
their behaviour is mostly polycationic or polyanionic and is sensitive to pH
and ionic strength.[29] PZs are polymers made of repeating units which contain
pairs of oppositely charged groups and are classified as a subclass of PAs. They
have overall neutral charge as they contain an equal number of positive and
negative charges. Another synonymous name for PZs is polybetaines.[29][30]
PZ’s behaviour is dominated by strong Coulomb interactions, which cause high
hydrophilicity.[31] Although PZs do not exhibit typical PE effects and share
similarities with polar non-ionic polymers.[32] So, the difference between PZs and
PAs lies in the positioning of charged species. Potential distributions of charged
species in PZs are displayed in Figure 1.6 .

Figure 1.6 Potential distribution of ionic groups in PZs.[29]

So far, all architectures, except architecture K, have been synthesised.[32][33]
Regardless, the most prevalent architecture is C. Typically, for synthesis, it is
easier to implement the zwitterionic group into the side chain as are seen in
architectures A-E.[29]

Overall, as a subgroup of PEs, PZs and PAs offer promising applications
in biomedicine such as tissue engineering, drug delivery, implants, biosensors,
antibacterial coatings or contact lenses.[28][30]

1.1.1 Block polyelectrolytes
Block PEs are a subcategory of block copolymers, which are formed by co-

valent binding of at least two different polymers. Overall, amphiphilic block
copolymers can form various structures such as bilayers, vesicles, numerous types
of micelles, and many more. These structures are self-assembled and there are nu-
merous factors, which trigger this process, such as for example the type of solvent
chosen, hydrophobicity, molecular weight, chain length, thermo/light/enzyme/pH-
responsivity, etc. Block copolymers that respond to physical or chemical stimuli
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are called stimuli-responsive and they could be used as smart materials.[34]
The block PEs by themselves combine several structural characteristics, which

are seen in PEs, block copolymers, and also surfactants.
Typically, amphiphilic block PEs self-assemble into micelles, however, by

changing the molecular weight of blocks, different architectures can be achieved,
such as bilayers.[35] In case of micelles, the hydrophobic blocks form the core of
the micelle, which is covered by the charged PE chains creating the shell or corona
of the micelle. Formation of micelles is also influenced by the choice of solvent.
One component of a micelle can be dissolved in specific solvents, which are called
selective solvents.

1.1.2 Brief look at synthesis of polyelectrolytes
The synthesis of PEs is not an easy task and comes with many difficulties.

Overall, it is often complex and requires multiple steps. The problem is that
procedures, which can be applied for different substances, cannot be applied for
PEs. They are often incompatible with numerous chemical reactions, because of
the presence of charged species – electrophiles or nucleophiles (or even both of
them). To avoid these unpredictable chemical conditions, ionic moieties could be
added in post-polymerization process, however this approach does not solve the
problem with direct methods of obtaining PEs.

Direct path of synthetising PZs from zwitterionic monomers by chain growth
polymerization is often done by free radical polymerization.[32][36] This method
has several advantages including tolerance of radicals towards both nucleophiles
and electrophiles. Step growth polymerisation methods are used just occasion-
ally.[29] The revolutionary technique for PE synthesis is controlled free radical
polymerisation, where the growth of free radicals is in dynamic equilibrium with
different types of dormant species and as results are narrow dispersity, the risk of
branching is minimised and control over the architecture is secured. The useful
features of this approach are the possibility of synthesis in aqueous solutions and
no need to use post-polymerisation steps for introducing charged groups. An
unusual method, which can be used for the synthesis of polymers, is utilisation of
click reactions. It is a pathway which combines a wide range of advantages such as
mild and simple reaction conditions, high yields, etc. Other widely used methods
are nitroxide mediated polymerization (NMP), reversible addition fragmentation
chain transfer polymerization (RAFT) and atom transfer radical polymerization
(ATRP).[37][30][38] A frequent issue during synthesis is that salts are connected
to charged groups and cumbersome work-up procedures are required for removing
these ions. This is especially important for PZs.[29]

1.2 Characterization methods
This sections is devoted to description of the fundamentals of used characteri-

zation methods.
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1.2.1 Light scattering
The interest in light scattering (LS) techniques originates from fact, that it is

possible to determine molecular weight (because it is proportional in some manner
to the scattering intensity) or other interaction parameters for solutions with either
single or multicompoment solvents with them.[23] LS techniques are based on the
phenomenon of the light interacting with a particle. The main interactions include
absorption, scattering and a third interaction, which induces the constitution of
charges in the particle, resulting in the formation of dipoles. Those dipoles emit
electromagnetic radiation with specific frequency. If the frequency of the scattered
light is the same as the initial, it is elastic scattering. On the contrary, when the
frequency is changed, the process is called inelastic scattering. Moreover, another
type of scattering is quasi elastic light scattering. In this case, the frequency of
scattered light is almost the same as the frequency of the initial light. This type
of scattering represents processes, where the frequency of initial light is alternated
by the movement of the particles, which is called Doppler shift in wavelength.
A technique related to these processes is called dynamic light scattering (DLS),
which will be discussed later.[39][40]

Other scattering phenomena - reflection, diffraction and refraction appear in
highly ordered systems. Here, we focus on scattering in solution, where particles
are in constant free movement caused by Brownian motion. Hence, the system
is highly unordered. The interference pattern of light depends on the size of
the particles, as displayed in Figure 1.7. Accordingly, the interference can be
constructive or destructive.[39][40]

Figure 1.7 Interference pattern of the light scattered by small particles (left) and by
large particles (right).

While the light passes through a solution, its intensity gets smaller by either
scattering or absorption. The intensity of light scattered by a small molecule is
defined as

I(r) = I0
π2α2

r2λ4 (1.7)

I0 is the intensity of incoming light, α is the polarisability of the molecule, r is the
molecule-detector distance and λ is the wavelength.[39] The intensity of scattered
light is inversely proportional to λ4, which implies that the blue light is scattered
more than red light. Hence, this is a reason why the sky is blue or why milk is
white.
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Two complementary LS techniques are static light scattering (SLS) and DLS,
where SLS measures the mean intensity of the scattered light, whereas DLS focuses
on the fluctuations of the intensity of the scattered light (Figure 1.8).

Figure 1.8 Comparison of the principles of static and dynamic light scattering.[39]

Static light scattering

SLS measures the intensity of scattered light at various angles (so the intensity
depends on the observation angle θ) and the intensity values are time-averaged.[41]
The molar mass of the scattering particles can be obtained from the averaged
intensity. A more suitable quantity for the theoretical description of SLS is
scattering vector q⃗, which is defined as the change in the wavevector, specifically
a difference between the scattered wave vector kout

⃗ and the incident wave vector
kin
⃗ .

q⃗ = kout
⃗ − kin

⃗ (1.8)

The length of scattering vector can be expressed as

q = 4πn

λ0
sin θ

2 (1.9)

n is the refractive index of the medium, λ0 is the wavelength of the light in vacuum.
Figure 1.9 displays how the direction of the wavevector changes because of the
collision of the incident light with the scattering particle.

Figure 1.10 displays how the observational length scale depends on the magni-
tude of scattering vector. With bigger q values, more sample details are observed.
It can be compared with inverse microscopy - when q values are small, the
magnification and with that corresponding resolution is lower.[40]
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Figure 1.9 Change of the wavevector due to the collision with the scattering particle
(left) and vector representation (right).[39]

Figure 1.10 Details observed in a sample containing polymer coils on q-scale.

For actual measurements, it is important that the absolute scattering intensity
depends only on the system properties, which can be defined by the Rayleigh
ratio as a function of q,

R(q, c) = Is(q)r2

I0Vs(q) (1.10)

Is(q) is the intensity of the scattered light as a function of q, r is the distance
scattering volume - detector, I0 is the initial intensity of the laser and Vs(q) is the
scattering volume, which is the volume illuminated by laser and simultaneously
seen by the detector.

The information about molecular weight and size of the particles can be
obtained from multi-angle SLS measurements. The corresponding equation is the
Zimm equation

Kc

R(q) = 1
Mw

(1 + 1
3q2R2

g) + 2A2c + ... (1.11)

where c is the concentration, Rg is the radius of gyration, A2 is second virial
coefficient, which defines attractive and repulsive forces between particles. K is
the optical contrast constant and it is defined as

K = 4π2n2
0(dn/dc)2

NAλ4
0

(1.12)

NA is Avogadro constant and dn/dc is a refractive index increment, which repre-
sents the change of the refractive index with the change of the concentration and
it is important quantity for determination of weight concentration.[39]

To obtain the molecular weight, the second virial coefficient and the radius
of gyration, it is necessary to perform multi-angle measurements of a series of
solutions at different concentrations and construct a Zimm diagram. The intercept
of the plotted data extrapolated to zero angle and zero concentration gives the
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reciprocal of Mw, while slope of the scattering intensity at the extrapolation to
q = 0 provides the value of A2 and the slope of the extrapolation to c = 0 yields
the information about Rg.[41]

Other possibility of size determination is via Guinier plot, which is characterized
by equation 1.13. It is also used as an intermediate step for molecular weight
determination of large particles.[39]

ln Is(q) = ln Is(0) − 1
3q2R2

g (1.13)

Dynamic light scattering

DLS measures the fluctuations during short time periods, which allows us to
determine the diffusion coefficient D of macromolecules.[41] The fluctuations in
the scattered intensity are a direct consequence of the movement of scattering
particles, known as Brownian motion. This movement stems from the random
thermal density fluctuations of the solvent molecules. Moreover, the Brownian
motion of charged particles can be affected by presence of charges due to the
attractive or repulsive forces, which can accelerate or slow down the motion.[8]
The diffusion coefficient is defined by the Stokes-Einstein equation.

D = kBT

6πηRh

(1.14)

kB is the Boltzmann constant, T is a temperature, η is a solvent viscosity.[40] Rh

is the hydrodynamic radius, which relates to the radius of the hypothetical hard
sphere with the same speed of diffusion as the particle of the interest.[42]

The correlation function indicates the relative motion of particles with use
of means of an electric field correlation function.[43] At short time intervals,
the correlation is high, because the particles do not have enough time to move
significantly. So, they can be considered static. However, when the time interval
is longer, the correlation decreases exponentially, because the initial and final
state are different.

The function, which describes motion of investigated particles is called an
intensity correlation function. Normalised intensity correlation function is defined
as

g2(τ) = ⟨I(t)I(t + τ)⟩
⟨I(t)⟩2 (1.15)

τ is the lag time between the two time points.
The electric field correlation function describe the motion of particles relatively

to each other. The normalised form is defined as

g1(τ) = ⟨E∗(t)E(t + τ)⟩
⟨I(t)⟩ (1.16)

These two correlation functions can be coupled in one equation, which is called
the Siegert relation and is defined as

g2(τ) = B + β|g1(τ)|2 (1.17)
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B is the baseline, which is approximately 1 and β is the correction factor, which is
dependent on the instrument and scattering properties of the studied particles.[43]

The data obtained by DLS measurements need to be fitted to provide the
diffusion coefficient and other quantities, which are related to it. First method
is the cumulant method, which is composed from two cumulants. Second order
cumulant expansion is defined as

ln g1(τ, q) = −Γ1τ + Γ2τ
2

2 (1.18)

First cumulant Γ1 provides information about the average diffusion coefficient
and is defined as

Γ1 = q2⟨D⟩ (1.19)

The equation 1.19 is related to the diffusion coefficient, which can be used to
determine the hydrodynamic radius by Stokes-Einstein equation (1.14).

The second cumulant Γ2, which is defined as

Γ2 = (⟨D2⟩ − ⟨D⟩2)q4 (1.20)

and provides information about dispersity of the diffusion coefficient distribution
function.[44][40][45] The data, which are obtained experimentally, are apparent
diffusion coefficients. To obtain the true values of diffusion coefficients is needed
to extrapolate data to zero concentration and zero angle.

Second and one of the most popular data analysis method is constrained
regularization method for inverting data (CONTIN). This method utilizes Laplace
transform and nonlinear statistical techniques. This technique is more suitable
for disperse systems.[43] It provides the distribution of relaxation times A(τ) by
the inverse Laplace transform applied on correlation function g1(t).[45]

g1(t) =
∫︂ ∞

0
A(τ) exp (− t

τ
) dτ (1.21)

CONTIN contributes good estimates for the data with good signal to noise.[46]
The topology of the scattering particle can be derived from the particle size

provided from SLS - Rg and from the particle sizes provided from DLS - Rh. It
can be defined by the ρ-ratio, which is expressed as

ρ = Rg

Rh

(1.22)

For homogeneous sphere is the value of the ρ-ratio 0.775 and for hollow sphere is
the value 1. Other theoretically calculated values are available in the literature.[40]

1.2.2 Small angle X-ray scattering
Small angle light scattering is a robust analytical technique, which can help

with sample characterization in various fields, such as materials science, struc-
tural biology or generally environmental sciences.[47] Other techniques, which can
complement small angle x-ray scattering are x-ray crystallography, NMR, circular
dischroism, DLS or fluorescence. Information about the size, shape, pore size,
the radius of gyration or even distribution of macromolecules can be earned from
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small angle scattering measurements.[48] Importantly, this technique provides
averaged information about whole system from all electron scatterings.[49] The an-
gles, which are typical for small angle scattering, range from 0.1° to 5° parallel
to the plane of scattering.[48] Measured samples, placed in quartz capillary, can
be illuminated by X-rays - small angle X-ray scattering (SAXS), which are scat-
tered by atomic electron shell or by neutrons - small angle neutron scattering
(SANS), they are scattered by atomic nuclei.

X-ray beam has a specific energy, which is inversely proportionate to the wave
length λ.

E = hc

λ

For anode sources, the wave length is fixed. Hence, it cannot be tuned. For
synchrotron sources, the wave length may be tuned. The X-ray scattering by
electrons of atoms ordered in a crystalline lattice with the spacing d follows the
Bragg equation.[50][48]

nλ = 2dsin(θ) (1.23)

Subsequent quantities are present in are present in the equation - θ as scattering
angle, d as interplanar d-spacing, λ as wavelength of used beam source and n
as diffraction order. Intensity of scattered rays needs to be recorded - it is possible
via an x-ray detector. For further investigation and data analysis is needed
to measure the pure solvent intensity, which is referred to as a buffer. Afterwards,
it is subtracted from the sample scattering intensity, which leads to the clear
signal made from the interested particles as is shown in Figure 1.11.[49]

Figure 1.11 Representation of raw SAXS data and buffer subtracted data and
intensity dependence on concentration.[51]

The crucial step is to correctly match the buffer to the corresponding sample.
SAXS is a sensitive method, hence even small discrepancies can make big impact
in context of buffers, but also the purity of samples. The scattering intensity of
the sample is proportional to the concentration - if the concentration is higher,
the signal-to-noise ratio of subtracted data will be better. From steepness of
intensity at low angles is usually possible to tell, whether the sample is aggregating.
When the intensity is decreasing, repulsive inter-particle interactions are present.
However, when the intensity sharply increases, it may represent unspecific aggre-
gation of the sample.[50][49] Polymeric systems often have quite low contrast in
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the SAXS measurements, reason for that is a not big difference in the number of
electrons in subsequent atoms - N, C, O and H. In small angle neutron scattering,
the contrast can be tuned by heavier atoms, for example deuterated solvents or
partially deuterating some components can help with studying each components
of system separately. Hence, it obtains more detailed structural information due
to the highlighting some parts of system. However, in SAXS measurements, this
is not possible, because the electron density of H and D is the same.[52]

The scattering curves obtained from experimental measurements display de-
pendence of scattering intensity I on q, which is a scattering vector. The double
logarithmic scale is commonly used, since, the details at the large q values are high-
lighted. To achieve desired structure information, it is needed to nonlinearly fit
the scattering data with various models. The obtained curves are composed from
three regions of q-s: high q, middle q also called Porod and low q region also called
Guinier region. The Guinier region provides the radius of gyration Rg, obtained
from the Guinier equation (equation 1.13).

Rg is defined as

R2
g =

∫︁
V ρe(r)|r|2dV∫︁

V ρe(r)dV
(1.24)

Middle q region provides information about the shape of studied particles,
which is determined by the slope of the scattering curve characterized by power law
exponent α, when the intensity I(q) pursue a power law:

I(q) ∝ q−α (1.25)

Power-law scattering is present in samples with some kind of morphology, for
example porous structures. Overall, it originates from the surface with roughness,
however, it can also come from the dispersity of the sample. Power-law exponent
is associated with the fractal dimension D. The idea of fractal dimension comes
from concept, that this one number can describe a very complex roughness.
The power laws connected to SAXS curves can come from mass fractals (Dm < 3),
where the roughness is present in bulk volume, and surface fractals (Ds < 3,
Dm = 3), where the roughness is located at the surface. Typical values of
the power-law exponent values are in the range 0 < α ≤ 4.[47]

Information about inner structure of particles is provided by high q regions.
The scattering pattern in small angle scattering is composed from two contri-

butions. First of them is called the form factor P (q), which comes from the shape
of the particle and pore size, thus we can say, it is a consequence of intraparti-
cle interference. And second of them is called the structure factor S(q), which
comes from the composition of particles or pores. In such manner, we can say, it
is a consequence of interparticle interference. The structure factor is dependent
on the concentration of scattering particles. Charged macromolecules or generally
charged nanoparticles structure factor is present as sharp maximum. The shape
determination of the particles is often impeded by polyelectrolyte effect. In this
case, addition of salt helps with the reduction of charges. For more concentrated
and disperse systems, it is not possible to describe interactions with just one
structure factor, because of interactions of all particles between each other. Hence,
for these type of systems is needed to utilize more complicated fits and establish
various approximations.[47]
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1.2.3 Zeta potential
A physical property that showcases any macromolecule or generally a particle in

suspension is zeta potential (ZP). It could be especially helpful for optimalization of
formulations of protein solutions, suspensions or emulsions because of determining
stability.[53][54]

The particles in dispersion may adhere to each other and form aggregates. Size
of these particles is decreased in comparison to particles by themselves and they
may settle out because of gravity influence. Firstly formed aggregate is called a
floc and the its formation process is called flocculation. A floc might sediment
or phase separate, but it might also remain stable. Another important process is
coagulation, which happens when the aggregate transforms imto a much denser
form and then usually separates out by sedimentation as shown in Figure 1.12.
The important difference between coagulation and flocculation is that, in general,
coagulations cannot be reversed, whereas flocculation is reversible.[55]

Figure 1.12 Schematic diagram of processes which may occur in colloidal dispersion
where stability might be missed.

The sum of van der Waals attractive and electrical double layer repulsive forces
determines the stability of a colloidal system. These forces interact, when the
particles come in contact with each other, because of the Brownian motion. At
first, repulsive forces prevent the particles from mutual contact however, when they
gain enough energy (by for example an increase in temperature), they are able to
overcome this barrier and subsequently attractive forces bind the particles strongly
and irreversibly. As long as the repulsive forces are dominant, the colloidal system
is stable. The stability could be obtained in two ways. Firstly, we can introduce
a layer of polymer coating, which prevents particles from coming into the close
contact. These coatings keep particles separated by steric repulsion and van der
Waals forces are not strong enough. Secondly, electrostatic or charge stabilization
regulates interactions.[55]

As seen in Figure 1.13, the particle is surrounded by the liquid layer, which
consists of two parts, the inner region (also called the Stern layer) and the outer
(or difuse region). In the Stern layer the ions are bound to the surface of a colloidal
particle and in the diffuse region, as the name implies, the particles are less densed.
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The barrier formed by these ions from the bulk dispersant is called the slipping
plane. The electrical potential of this barrier is known as ZP.[53]

Figure 1.13 Schematic representation of zeta potential.

Generally, it is said that the suspensions are stable, when their ZP values are
more positive than +30 mV or more negative than -30 mV.[53] The reason for
this comes from the assumption that when the particles have a large ZP (negative
or positive), they tend to repel each other and they cannot flocculate.[54]

ZP can be affected by several factors. The most important being the pH of
aqueous solutions. ZP can vary as pH changes. Important state which occurs at
zero ZP, associated with specific pH values is the isoelectric point.[44]

The existence of charges on the surface of a particle causes a response to
applied electric field. The responses to the electric field are called electrokinetic
effects, which include electrophoresis, electroosmosis, streaming potential and
sedemimentation potential. For us, the most important is electrophoresis which is a
process of when particles with charged species are attracted towards the oppositely
charged electrode. This movement is opposed by viscous forces. When these two
forces reach equilibrium, the particles move with constant velocity. ZP comes out
in the Henry equation, which defines electrophoretic mobility UE.

UE = 2ϵζf(κa)
3η

(1.26)

κ is called Debye length and it refers to the ”thickness” of the electrical double
layer and the parameter a is the radius of the particle. f(κa) is a number and if
it is related to aqueous medium and moderate concentration of electrolyte or PE,
its value is 1.5 and it is called the Smoluchowski approximation. ϵ is a dielectric
constant and η is a viscosity.[55]
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2 Aim of the thesis
The main goal of this thesis is to investigate the self-assembly behavior of newly

synthesized PEs in aqueous solutions by scattering techniques. The study focuses
on how molar mass and ionization states at different pH values affect the structural
and dynamic properties of the PE solutions. These solutions are examined at
constant ionic strength and in the dilute region. Techniques used include static
and dynamic light scattering (SLS) and (DLS), small-angle X-ray scattering
(SAXS), and zeta potential measurements. The polyelectrolytes analyzed are
poly((sulfamate-carboxylate)isoprene) (PISC), poly((amino-carboxylate)isoprene)
(PACIS) and poly((trimethylammonium-carboxylate)isoprene) (qPACIS) in three
molecular weights - 7.5, 38 and 75.5 kDa.

The specific aims were:
1. To characterize PISC, PACIS and qPACIS solutions with different molecular

weights in three different pH conditions using LS measurements containing SLS
and DLS.

2. To study size and structure of PISC, PACIS and qPACIS aggregates with
different molecular weights in solution in three different pH conditions using SAXS.

3. To measure zeta potential ζ of PACIS, PISC and qPACIS solutions with
different molecular weights in pH spectrum ranging from 1 to 12.
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3 Materials and used methods
3.1 Studied polyelectrolytes

PE samples analysed in this thesis were synthesised by Ing. Katarzyna Byś
(Soft Matter Group, the Department of Physical and Macromolecular Chemi-
stry, Charles University). Specifically, they are poly((amino-carboxylate)isoprene)
(PACIS), poly((sulfamate-carboxylate)isoprene) (PISC) and poly((trimethylammo-
nium-carboxylate)isoprene) (qPACIS). Both PACIS and PISC were synthesised
from purchased cis-1,4-polyisoprene (PIS) (MW = 7.5 kDa, Đ = 1.04, Polymer
Source Inc., Canada) and PIS (MW = 75.5 kDa, Đ = 1.08, Polymer Source
Inc., Canada) (these polymers were prepared via anionic polymerization) and
from purchased PIS (average MW ∼ 38 kDa by GPC, made from natural rubber,
SigmaAldrich, United States). qPACIS was synthesised from the same PIS from
natural rubber source.

Synthesis of all three PEs (PISC, PACIS and qPACIS) begins with a starting
polymer PIS, which undergoes the post polymerization modification of its C=C
double bonds in reaction with chlorosulfonyl isocyanate. The synthetic pathway
is seen in Fig. 3.1.

Figure 3.1 Synthetic pathway of studied PE. To simplify the presentation counterions
are omitted.

The lactam intermediate is formed, which needs to be hydrolysed in alkaline
conditions using NaOH. The reaction mixture needs to be dialysed in consequence
of excess NaOH used for hydrolysis. The dialysis was carried out against double
distilled water with use of dialysis membranes with molecular weight cut-off 3500
Da, until the pH of the dialysis bath was neutral. The aqueous solution acquired
from dialysis was lyophilized, which provided final product - PISC. To achieve
polyzwitterionic PACIS, it is needed to continue with acid-induced cleveage, which
cleaves N-S bonds of the sulfonyl groups. After acid treatment, dialysis against
0.1 M HCl is required. As before, the aqueous solution acquired from dialysis
was lyophilized, which provided final product - PACIS. The quaternization of the
amine groups of PACIS leads to qPACIS, which was carried out by quaternizing
agent CH3I in presence of KHCO3. The unreacted CH3I was washed out from the
solution with chloroform. Unwanted reaction of a free carboxyl group and CH3I
can lead to an ester, due to this reason, it is needed to use 0.1 M HCl. As before,
the final product was achieved after dialysis against double distilled water and
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lyophilization. The same procedures were carried out for all three used molecular
weights of PISs.

3.2 Sample preparation
All samples for LS and SAXS were prepared by dissolving the solid polymer

samples in three different pH conditions, in 0.1 M DCl (A), 0.1 M NaCl in D2O
(N) and 0.1 M NaOD (B). The 0.1 M DCl solution was made by using 20 wt. %
DCl and D2O and in the similar way, the solution of 0.1 M NaOD was made by
using 30 wt. % NaOD and D2O. Used deuterated solvents were: DCl (20 wt. %
in D2O, 99.5 at. % D, Chemontrade, Germany), D2O (99.9 % D, SigmaAldrich,
United States) and NaOD (30 wt. % in D2O, 99 at. % D, SigmaAldrich, United
States). For samples in 0.1 M NaCl in D2O was used NaCl from Lach-Ner (Czech
Republic). Deuterated solvents were used due to the previous preparation of
samples for NMR DOSY measurements, where they are required.

The concentration of samples for LS was 1 mg/ml and for SAXS was 5 mg/ml.
Every sample and solvent were filtrated though 0.2 µm membrane filter using
a 1 ml syringe before the measurements. Samples of a volume around 1 ml for LS
were directly filtered to pre-cleaned and dusted with a compressed air glass tubes,
which were closed up with rubber top.

The samples for ZP were prepared at the initial concentration 1 mg/ml. Used
PEs were dissolved in 0.1 M HCl, which was prepared from ampoule for preparation
of 0.1 M 1000 ml volumetric solution (P-LAB, Czech Republic). pH of samples
was adjusted using 0.1 M NaOH on the titrator. Solution of NaOH was prepared
from ampoule for preparation of 0.1 M 1000 ml volumetric solution (P-LAB, Czech
Republic). Used water for all procedures was purified by Barnstead MicroPure
water purification system (Thermo Scientific, United States).

3.3 Instrument specifications

3.3.1 Light scattering
The light scattering measurements (DLS and SLS) were carried out simulta-

neously on ALV light scattering photometer (ALV, Germany). The photometer
is equipped with ALV CGS - 3 automatic goniometer, an ALV 7004 Multiple-Tau
digital correlator, a Cobolt Flamenco diode-pumped solid state laser (λ = 660 nm,
P = 100 mW) (Hübner Photonics, Germany), two high-QE avalanche photodiodes
pseudo cross-correlation detectors (Excelitas Technologies, USA). The measure-
ments were operated via ALV-Correlator Software V.3.0.

All measurements were performed for the scattering angles starting from 50° to
130° with angular step of 10°, at temperature 23 °C. The instrument is equipped
with a cell housing system containing toulene, which is used as an index matching
fluid, before measurements is needed pre-calibration for the toluene standard.
Whereas, all samples were prepared with deuterated solvents, pre-recorded D2O
file was used for all measurements, as well as file with the toluene standard.
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3.3.2 SAXS
SAXS measurements were carried out in the BIOCEV centre (Vestec, Czech re-

public) on a SAXSpoint 2.0 (Anton Paar, Austria). This instrument is equipped
with a MetalJetC2+ X-ray source containing a liquid gallium alloy anode (λ =
0.134 nm) and with an EIGER R 1M Horizontal detector. Samples were loaded
into 1 mm quartz capillary by high precision low volume auto-sampler with tem-
perature control (which was set on 20.00 °C). The sample-to-detector distance
was 0.78 m to which is corresponding the q vector range starting from 0.047 to
4.4 nm−1. For obtaining SAXS curves is needed azimuthal averaging of scatter-
ing patterns, for both the samples and the buffers(in our case D2O), and then
subtracting buffers intensities from belonging samples intensities.

3.3.3 Zeta potential
pH adjustment was carried out on a Metrohm 888 Titrando Compact titrator

equipped with a magnetic stirrer, a Pt1000 temperature sensor and for measuring
pH was used a LL Biotrode 3.0 mm glass electrode. Titrando Software was used
for collecting the results and for controlling the titrator.

ZP (ζ) measurements were carried out on Malvern Zetasizer Utra equipped with
633 nm He - Ne gas laser and with avalanche photodiode. Each sample was placed
into standard polystyrene cuvette and dip cell was used. The obtained values of
ζ-pontential were averaged from 3 subsequent measurements by the instrument.
One measurement consisted maximally from 100 runs, the number of repeated
runs was dependent on quality factor, which was evaluated automatically by the
instrument. PISC NR and PACIS NR were measured once, but other samples
were measured three times and averaged. ζ-pontential values were calculated
from electrophoretic mobilities using the Henry equation in the Smoluchowski
approximation, µ = ϵζ

η
, where µ is the electrophoretic mobility, η is the solvent

viscosity and ϵ is the dielectric constant of the solvent.
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4 Results and discussion
4.1 Ionic properties of studied polyelectrolytes

Used PE contain ionizable groups (weak acids or bases), which means their
ionization state responds to pH changes of the environment. However, the ion-
ization of weak PE is not as straightforward as for low molar mass molecules.
It is generally known that an acid is almost fully ionized at pH > pKa + 1.
Although, PE are 50% ionized at the maximum under these conditions. pH in
the vicinity of PE chain, which is called local pH, can highly differ in comparison
with pH measured by conventional pH-meter, which is called the bulk pH. Local
pH describes local variations of pH, but they are difficult to measure. Bulk pH
describes pH far from PE chains and influence them minimally.[56]

Figure 4.1 Ionization schemes with determined pKa values of PISC, PACIS and
qPACIS. To simplify the presentation counterions are omitted.

Determined pKa values of carboxylic group and amino group were based on
the molecular dynamics simulations for a low molecular compound resembling a
monomeric unit of PACIS done by Pablo M. Blanco, Ph.D (Soft Matter Group,
the Department of Physical and Macromolecular Chemistry, Charles University).
The initial pKa values needed for simulations, were estimated by Chemaxon pKa

predictor. pKa value of carboxylic acid is 3.63, pKa value amino group is 10.12
and pKa value of sulfonic acid is smaller than 1, which means this group is always
deprotonated due to our stated conditions.

Typically, the first estimated values of pKa values of low molecular compounds,
which resembles monomeric units of PEs, are good estimates for the initial values
needed for the simulations. However, the pKa values determined by the simulations
can highly differ from the real pKa values due to the inter and intramolecular
interactions.
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The counterion size plays major role in size of formed aggregates due to the
counterion condensation, which helps to achieve more compact structures.[57]

Below the pH = 3.63 (pKa of carboxylic group) and below pH = 10.12 (pKa

of amino group) both groups are ionized and charged oppositely, which is an
important factor for solubility, because the neutralization of charges can lead to
aggregation due to the instability of this state.

Importantly, studied PEs contain 20 % of unmodified monomeric units of the
starting polymer PIS, which influences solubility (in terms of poorer solubility),
because those parts are hydrophobic. Generally, PEs are water soluble. Moreover,
hydrophobic domains influence ionization of PEs.

4.2 Associates size determination by dynamic
and static light scattering measurements

The analysis of DLS measurements yields a distribution of the particle sizes,
specifically hydrodynamic radius Rh shown as intensity weighted, mass weighted
and number weighted. The distribution was calculated by the constrained reg-
ularization algorithm CONTIN (by using software Alv-Correlator V.3.0) at 90°.
Since, the studied aggregates are not homogeneous spheres for which the form
factor in CONTIN is defined, the mass and number weighted distributions of Rh

might be prone to error. Solutions of three different pHs were compared for each
measured PE.

SLS measurements were evaluated by plotting ln I(q) vs. ln q to obtain power
law exponents α, I(q) = Aq−α, from the slopes. Scattering data with α < 1 were
fitted with the Guinier formula, ln I(q) = ln I0 − R2

gq2

3 , to obtain gyration radius
Rg, which can be found in Table 4.1.

Table 4.1 Radius of gyration Rg obtained from Guinier plots from the measurements
at 90°

Polymer Rg[nm] Polymer Rg[nm]
PISC 7k A 34 PACIS NR A 45
PISC 7k N 49 PACIS 75k A 52
PISC NR A 32 PACIS 75k N 57
PISC 75k A 25 PACIS 75k B 68
PISC 75k N 35

The intensity weighted distributions functions of hydrodynamic radius Rh are
displayed in Figure 4.2 A. Only PISC 7k N shows monomodal distribution with
not completely separated peaks with mean peak size 15 nm. From distribution
is visible that the scattering particles have two sizes, but majority of them has
smaller size. Other two distributions are multimodal and contain one big peak
with bigger size, especially PISC 7k B with 177 nm and second smaller peak
has size 4 nm. PISC 7k A distribution shows small particles with size 0.58 nm
and bigger particles with size 21 nm. In span of couple of days, it formed gel-
like structure, which indicates the instability of the solution. It is caused due
to the short chains of PISC 7k being rigid and constrained in regards to the
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conformation. In the intensity weighted distributions, the bigger particles have
bigger impact than small particles, because the bigger particles scatter a lot more.
In mass weighted and number weighted distributions, those bigger peaks are not
displayed or have smaller intensity compared with the peaks displayed in intensity
weighted distributions. The mass weighted distribution of PISC 7k A shows
major peak with size 0.6 nm and hardly visible peak with size 9 nm. The number
weighted distribution confirms particle size 0.6 nm. PISC 7k N shows relatively
broaden peak in mass weighted distribution with size 2 nm. The broaden peak
was expected due to the broaden peak in the intensity weighted distribution. The
number weighted distribution shows peak with smaller size 2 nm. PISC 7k B
shows bimodal mass weighted distribution with sizes 1 and 4 nm. The number
weighted distribution displays peaks with size 1 nm and size 4 nm, which is hardly
visible.

The plot ln I(q) vs. ln q shows that PISC 7k A and PISC 7k N belong to
the Guinier area, because their slopes are smaller than 1. Hence, their values
of radius of gyration can be evaluated. PISC 7k B slope with value bigger than
2 shows that it forms enormous compact particles. The repulsion of individual
chains plays role in the aggregation process. As, it can be seen in Figure 4.2 A,
the distribution is multimodal, which is also important factor. Hence, the slope of
the Guinier plot is bigger than 1, the dependence is subjected to the power law
and does not belong to the Guinier area. The fit is not relevant for this particles,
because its size exceeds the size threshold suitable for LS analysis. In this case,
on LS scale, we can observe the inner structure of the particles. Moreover, the
values of Rg can not be evaluated.

The intensity weighted distributions for PISC NR are displayed in Figure 4.3
A. PISC NR A has multimodal distribution, but first peak contributes by small
fraction. The major peak has size 59 nm. This solution precipitated in span of
one day. Only PISC NR N shows monomodal distribution with not completely
separated peaks with mean peak size 96 nm. PISC NR B has multimodal
distribution, but first peak contributed by small fraction. The major peak has
size 160 nm.

Again, as before it is visible that the scattering particles, which were small
and almost were not visible on the intensity weighted distribution are dominant
on mass and number weighted distributions. PISC NR A shows on mass weighted
distribution bimodal distribution with sizes 7 nm and 32 nm. PISC NR N (3 nm)
and PISC NR B (4 nm) have monomodal mass weighted distributions.

PISC NR A number weighted distribution contain two peaks - first with size
7 nm and second, which is contribution by fraction of percent, with size 22 nm.
PISC NR N and PISC NR B shows monomodal distributions with sizes 3 nm for
N and 3 nm for B.
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Figure 4.2 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q)
vs. ln q (D) of PISC 7k in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution and Guinier plot of PISC 7k A and PISC 7k N (E). The error
bars are not visible, their size is smaller than the size of the symbols. Square symbols
symbolize the values extrapolated to zero angle and zero concentrations.
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Figure 4.3 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) of PISC NR in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution and Guinier plot of PISC NR A (E). The error bars are not
visible, their size is smaller than the size of the symbols. Square symbols symbolize the
values extrapolated to zero angle and zero concentrations.
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The plot ln I(q) vs. ln q shows that PISC NR A belong to the Guinier area.
The slopes of PISC NR N and PISC NR B are bigger than 1, the dependencies
have power law and does not belong to the Guinier area. The fits are not relevant
for this particles, because of their large size. Moreover, the values of Rg can not
be evaluated. Typical value 1.7 of the slope describes aggregates and the diffusion
controlled aggregation. It is enough to touch for the individual particles to form
an aggregate. Hence, the aggregates can resemble flakes and it could be said
that the aggregate is composed from branches of individual aggregating particles.
Therefore, the structure is not compact. However, as the value of slope increases
up to two, the aggregate is more compact and repulsion starts to play important
factor. Further increase of the slope value up to three means the aggregate is
homogeneous, compact and does not scatter light. The light can be scattered by
this kind of objects just because of different index of fraction.

The intensity weighted distributions of PISC 75k are displayed in Figure 4.4 A.
PISC 75k A contains two peaks, but as before small peak contributes very little
to the distribution. The major peak has size 17 nm. PISC 75k N distribution
is monomodal, but this peak is broaden and its size is 15 nm. PISC 75k B
distribution contains three peaks, but as before first is contributing very little.
Two other peaks has size 6 nm and 381 nm, which is quite a large particle.

From mass weighted distributions is visible that PISC 75k A contain two sizes
of particles with 1 nm and 8 nm. As in intensity weighted distribution, PISC 75k
N peak in mass weighted distribution is broaden with size 3 nm. PISC 75k B
distribution is bimodal and major peak is narrow and its size is 1 nm. Minor peak
has size 5 nm.

The number weighted distributions are displayed in Figure 4.4 C. PISC 75k A
contain contributions in this distribution, but second of them contribute. First
major peak has size 1 nm and second peak has size 6 nm. PISC 75k N and PISC
75k B shows monomodal distribution. The size of PISC 75k N is 2 nm and PISC
75k B has size 1 nm.

Again, in mass weighted and number weighted distributions are not seen big
scattering particles with tens of nanometers sizes, which means number of this
scattering particles is small and can not be seen on other distributions, but the
intensity weighted distributions show those particles due to the stronger scattering.

The plot ln I(q) vs. ln q shows that PISC 75k A and PISC 75k N belong to the
Guinier area and their Rg can be evaluated. PISC 75k B slope value is bigger than
1, its Rg can not be evaluated due to the size, which exceeds the size threshold
suitable for LS analysis and the fit is not relevant.

The intensity weighted distributions of PACIS 7k are displayed in Figure 4.5
A. PACIS 7k A have multimodal distribution and contain three peaks. The major
peak is narrow and its size is 148 nm. First peak has size 4 nm and second peak
has size 16 nm. The peaks are nicely separated. PACIS 7k N contains one peak,
which is composed from two incompletely separated peaks. Its mean peak size is
55 nm. PACIS 7k B distribution contains two peaks, which the major of them is
broaden, its size is 3 nm. First peaks size is 186 nm.
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Figure 4.4 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) of PISC 75k in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution and Guinier plot of PISC 75k A and PISC 75k N (E). The error
bars are not visible, their size is smaller than the size of the symbols. Square symbols
symbolize the values extrapolated to zero angle and zero concentrations.

29



Figure 4.5 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) of PACIS 7k in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution. The error bars are not visible, their size is smaller than the
size of the symbols. Square symbols symbolize the values extrapolated to zero angle
and zero concentrations.

The mass weighted distribution of PACIS 7k A shows three peaks, but the
second and the third are small and contribute minimally. The size of the first
peak is 3 nm, the second is 15 nm and the third is 158 nm. The major peak is
narrow. PACIS 7k N contains just one peak with size 3 nm. PACIS 7k B has
broaden major peak and its size is 3 nm. The second peak, which contributes
minimally has size 331 nm.

The number weighted distribution shows just one peak for all PEs. PACIS 7k
A size is 3 nm. PACIS 7k N has size 2 nm. PACIS 7k B has size 2 nm.

The plot ln I(q) vs. ln q was made for all PACIS 7k solutions. For all applies,
the dependence has power law and does not belong to the Guinier area. The
fit is not relevant for this particles, because its sizes are so big. Moreover,
the values of Rg can not be evaluated. PACIS 7k A has close values of slope
(1.70), which describes diffusion controlled aggregation. PACIS 7k N and B are
compact scattering particles. For PACIS 7k B can be seen inner structure in LS
measurements.
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The intensity weighted distributions of Rh for PACIS NR are displayed in
Figure 4.6 A. PACIS NR A distribution contains just one peak, which is composed
from two not completely separated. The size of this peak is 50.18 nm. For the
reason that those peaks are not separated, the peak is wide. PACIS NR N contains
two peaks, which are near each other. The first peak has size 5 nm and the second
peak has size 171 nm. The distribution of PACIS NR B is multimodal and contains
three peaks. All peaks are narrow. The major peak has size 424 nm, which is
enormous size, here it has to be admitted, it could be some dirt or dust. Two
other peaks are much smaller with sizes 4 nm and 55 nm.

The mass weighted distributions of PACIS NR can be found in Figure 4.6 B.
PACIS NR A contains one peak, with relatively broad distribution in comparison
with other peaks, which corresponds with the intensity weighted distribution. The
size of this peak is 4 nm. PACIS NR N contains two peaks with size 4 nm and
191 nm. This sizes are relatively similar with the intensity weighted distribution.
PACIS NR B contains three peaks (same as in the intensity weighted distribution).
First two peaks are nicely visible with sizes 1 nm and 4 nm, but third contributes
little to the distribution and it size is 451 nm.

The number weighted distributions shows that PACIS NR A is monomodal with
size 3 nm and PACIS NR N and PACIS NR B are bimodal, but the contribution
of second peak is small. PACIS NR N first peak has size 4 nm and second peak
has size 29 nm. PACIS NR B first peak is 1 nm and second peak is 4 nm.

The plot ln I(q) vs. ln q shows that PACIS NR A belong to the Guinier area
and the Rg values can be evaluated. The slope values of PACIS NR N and PACIS
NR B are bigger than 1. Moreover, PACIS NR N value is bigger than 2. The
dependencies have power law and do not belong to the Guinier area. The fits are
not relevant for those particles, because the particle sizes are so big. Moreover,
the values of Rg can not be evaluated. As the value of slope is 2, all scattering
particles are compact and on LS scale is visible inner structure of aggregates.

The intensity weighted distributions of PACIS 75k are displayed in Figure 4.7
A. All distributions are monomodal and their peaks are composed from two peaks,
which are not completely separated, just PACIS 75k B contains small peak, which
contributes negligible. PACIS 75k A has size 30 nm, PACIS 75k N has size 27 nm
and PACIS 75k B has size 29 nm. All peaks are broaden.

The mass weighted distributions are displayed in Figure 4.7 B. All distributions
are monomodal. The size of PACIS 75k A is 3 nm. PACIS 75k N has size 3 nm and
PACIS 75k B is 2 nm. The size obtained from this distributions are significantly
different than from the intensity weighted distributions.

The number weighted distributions are similar to mass weighted distributions.
Again, all distributions are monomodal and provide significantly smaller values.
PACIS 75k A has size 3 nm. The size of PACIS 75k N is 2 nm. PACIS 75k B has
size 2 nm.

The plot ln I(q) vs. ln q shows that all PACIS 75k belong to the Guinier area,
because their slope values are smaller than 1. Hence, the values of Rg can be
evaluated via Guinier plot.
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Figure 4.6 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) of PACIS NR in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution and Guinier plot of PACIS NR A (E). The error bars are not
visible, their size is smaller than the size of the symbols. Square symbols symbolize the
values extrapolated to zero angle and zero concentrations.
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Figure 4.7 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) and Guinier plot (E) of PACIS 75k in acidic (0.1 M DCl), neutral (0.1 M NaCl
in D2O) and basic (0.1 M NaOD) solution. The error bars are not visible, their size is
smaller than the size of the symbols. Square symbols symbolize the values extrapolated
to zero angle and zero concentrations.
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Figure 4.8 DLS correlation functions and intensity weighted (A), mass weighted (B),
number weighted distribution functions of hydrodynamic radius Rh (C), plot ln I(q) vs.
ln q (D) of qPACIS NR in acidic (0.1 M DCl), neutral (0.1 M NaCl in D2O) and basic
(0.1 M NaOD) solution. The error bars are not visible, their size is smaller than the
size of the symbols. Square symbols symbolize the values extrapolated to zero angle
and zero concentrations.

The intensity weighted distributions of qPACIS NR are displayed in Figure
4.8. The distributions are multimodal. qPACIS NR A and qPACIS NR B have
similar position of major peak and differ with position of minor peaks, both of
them are trimodal. The distribution of qPACIS NR N is completely different in
comparison with two other distributions due to the dispersity of major peak and
bimodality. The size of qPACIS NR A major peak is 222 nm. First minor peak
contributes little and second peak has size 18 nm. The size of broad major peak
of qPACIS NR N is 292 nm and smaller peak has size 9 nm. As mentioned above,
this big peak can be caused by dirt or dust. The major peak size of qPACIS NR
B is 214 nm. First peak has size 5 nm and second peak has size 30 nm.

The mass weighted distribution that big particles seen in the intensity weighted
distributions are probably cause by some impurities, because those peaks are not
negligible. The qPACIS NR A distribution is composed from three peaks. The
size of major peak is 3 nm. Second peak has size 18 nm and third peak has size
242 nm. The distribution of qPACIS NR N contains two peaks, one with size
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7 nm and second with size 569 nm. The second peak is broaden, which means the
distribution of different sizes is wider. qPACIS NR B has three peaks with size
3 nm, 26.83 nm and 238 nm.

The number weighted distribution is much simpler. All distributions are
monomodal. The size of qPACIS NR A is 3 nm. qPACIS NR N has size 6 nm
and qPACIS NR B has size 3 nm.

The plot ln I(q) vs. ln q shows that all slope values of qPACIS NR are bigger
than 2, which means the dependencies has power law and do not belong to the
Guinier area. The fit is not relevant for this particles, because the particle sizes
are so big. Moreover, the values of Rg can not be evaluated. As the value of slopes
is 2, all scattering particles are compact and on LS scale is visible inner structure
of aggregates.

The Rg and Rh is not consistently increasing or decreasing with the change
of pH and there is no the same trend for all pH environments and all molecular
weights.

The Rg is increasing with the higher pH for PISC 7k, PISC 75k and for
PACIS 75k. PISC NR, PACIS NR and qPACIS NR have the biggest aggregates
in neutral solution. However, this can be caused by bigger dispersity of starting
PIS NR. PACIS 7k shows that in neutral solutions, the aggregates have the
smallest size. However, a lot of PE do not belong to the Guinier area. Hence, the
comparisons may be prone to the error.

The Rh of PISC 75k, PACIS NR, qPACIS NR is increasing with the higher
pH. PISC 7k and PACIS 75k have the smallest size in the neutral pH. PISC NR
and PACIS 7k have the biggest size in the neutral pH.

The short PEs do not have the opportunity to conformationally stabilize,
because they are relatively stiff. Hence, they are strained in case of conformation
and they tend not to form neat, small aggregates with other chains. The longer
PE chains can form coils and the surface of the formed coil can interact with other
coils. Those PE chains are more flexible and more stabilized, because they can
conformationaly stabilize. Therefore, the PEs of higher molecular weight form
smaller aggregates, than those of lower molecular weights.

Usually, PE show in same pH conditions similar behaviour. Used PE contain
both positively and negatively charged groups, so we can refer them as PZ. When
PZ contain basic group (as our PE amines), in acidic pH they are protonated. As
a result, PZ have excess positive charge on their chain. In case of conformation, it
causes more extended structure due to the higher repulsion between positively
charged groups. In neutral pH, amines and carboxylic groups are both charged. So,
PE should have minimal charge and it can promote hydrogen bonding in this state.
Hence, the polymer conformation may be more compact, because of possibility of
intramolecular attractions. In basic pH, acidic groups have negative charge, which
leads to an excess negative charge, because amines are deprotonated. In case of
conformation, the polymers may show expanded conformation. The negatively
charged groups electrostaticly repel from each other. Our PE do not showcase
similar behaviour. Unfortunately, there is seen no trend. The explanation for that
may be in more complex electrostatic behaviour and also some role plays presence
of unmodified starting polymer PIS.
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4.3 Associates size determination by static light
and small angle X-ray scattering

SAXS measurements were carried out to observe overall structure of our
samples, which create aggregates. The structure of solution can be determined at
the nm scale. Figures of all fitted PE are displayed in Figure 4.9.

For PACIS NR A, N and B, we can see slight increase for q < 0.4 nm−1.
The fitting of SAXS was restricted by SLS data in the q range starting from 0.01
to 0.03 nm−1. The SAXS and SLS data were fitted simultaneously by a model
using Gaussian coil as a form factor and mass fractal with an exponential cut-off
as a structure factor. Gaussian coil is given by equations 4.1 and 4.2.

IGauss(q) = I02
exp(−u) + u − 1

u2 (4.1)

u = q2R2
g (4.2)

Structure factor is given by equation 4.3

SExp(q,ξ,D,r0) = 1 + DΓ(D − 1) sin([D − 1] arctan(qξ))
(qr0)D[1 + 1

q2ξ2 ]D−1
2

(4.3)

where ξ is cut-off length for the fractal correlations, D is the fractal dimension,
r0 is the characteristic dimension of individual scattering objects and Γ is the
gamma function.

The scattering function, which is used for fitting the data, is a product of
equations 4.1 and 4.3. Input parameter for this model is also the fractal dimension
D, which was fixed parameter as D = 2.5. It is a limit for dilute solutions and
represents reaction limited cluster aggregation (RLCA), where is present repulsion
between particles.[58] The RLCA is not simply controlled by diffusion, where
the particles irreversibly stick on each other within the first collision, but it takes
multiple steps in order to stick. As a result, the fractal dimension D is greater,
because it makes the structure more compact. PACIS NR N is such a large
aggregate, that it does not fit into the LS range of q-s and it shows the power
dependence. PACIS NR A and PACIS NR B behave analogously, excluding
PACIS NR A is bigger than PACIS NR B.

For PISC NR N and B, we can see increase for q < 0.3 nm−1. For PISC NR A,
the increase is steeper for q < 0.5 nm−1. PISC NR N and PISC NR B data
were fitted with the same model as PACIS NR data. However, PISC NR A was
fitted with the different model, where the aggregates were growing from compact
spheres and free coils coexist (do not interact) with the formed aggregates. They
were added into the model as a separate component. This model is not reliable,
because the Guinier regime is not fully developed. From this curve is visible, that
the aggregates are more dense or even precipitated, which means, it is not possible
to differentiate individual particles, which form the associates.
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Figure 4.9 SLS (circles) and SAXS (squares) data for PISC NR (A) and PACIS NR
(C) in 0.1 M DCl (A), in 0.1 M NaCl (N) and in 0.1 M NaOD (B), PISC NR and 75k
(B) and qPACIS (D) in 0.1 M NaCl (N) and in 0.1 M NaOD (B).

Figure 4.9 B displays the comprasion of PISC NR N and PISC 75k N. For
both were used the same model as for PACIS NR. PISC 75k N increases gradually
from large q-s.

qPACIS NR N and qPACIS NR B are displayed in Figure 4.9 D. qPACIS NR N
shows the increase from q < 0.3 nm−1, the model for fitting was used the same
as on PACIS NR-s. qPACIS NR B increases more steeply from the same values
- q < 0.3 nm−1, on which was used different model. This model was more
complicated, as before the structure factor is described by mass fractal with
exponential cut-off and has two other contributions.

I(q) = A exp(−
R2

gq2

3 ) (4.4)

First contribution (4.4) utilizes uniform Gaussian coils with extended Guinier
law. A is a pre-factor, which is characteristic for the apparent particle shape (or in
other words, the dimensionality). The pre-factor describes the excess differential
cross-section per unit mass and it’s unit is [cm2g−1]. This contributions is used
for small q-s, because the curve does not limit to the constant value in Rayleigh
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regime, but it limits to the power dependence. Second contribution utilizes uniform
Gaussian coils. It’s equation is given by 4.1.

The differences between pH conditions can very much affect the contrast and
also the counterion condensation is probably the reason of different behaviour.
Moreover, highly important factor, which influence aggregation, is that 20 % of
monomeric units are not modified. Hence, this part of polymer is hydrophobic.
However, this should be visible in longer length scales.

The values of fitted parameters can be find in Table 4.2.

Table 4.2 Forward scattering intensity for one coil I(0), radius of gyration Rg, cut-off
length for the fractal correlations ξ and characteristic dimension of individual scattering
objects r0.

Polymer I(0) [a.u.] Rg [nm] ξ [nm] r0 [nm]
PISC NR A 13.3 10 18 0.1
PISC NR N 2.76 3 71 8
PISC NR B 2.67 2 55 5
PISC 75k N 46.07 4 33 24

PACIS NR A 2.85 4 17 11
PACIS NR N 2.33 3 ∞ 8
PACIS NR B 1.45 2 61 4
qPACIS NR N 17.17 4 ∞ 9
qPACIS NR B 9.75 3 ∞ 2

The radius of gyration Rg value of PISC NR A is large, in comparison with
its r0, which have to be bigger than Rg. Moreover, r0 is physically irrelevantly
small. Determination of the inner structure of the associates using this model
is not reliable. The associates seem to be dense, because it was not possible to
identify single constituent of the associate. From Figure 4.9 A can be concluded
that PISC NR A was not in the same state in case of measuring SAXS and SLS,
because SLS shows smaller particles than SAXS, which means the solution started
precipitating within long SAXS measurement. The precipitation of the sample
was observed after one day, which could significantly affected SAXS measurements.
Also, the cut-off lengths for the fractal correlations ξ for PACIS NR N, qPACIS
NR N and qPACIS NR B are not physically relevant. Hence, it can be seen from
fits for these three PEs that the fit does not limit to constant, but it follows power
law.

4.4 Associates zeta potential determination
We measured ZP of our samples in aqueous solutions, with starting concentra-

tion of PEs 1 mg/ml, by changing the pH of the solutions 1 to 12. The measured
values are displayed, as a dependence on pH in Figure 4.10. The ionization state of
PEs is changing by alternation of pH. The determined pKa values can be found in
section 4.1. However, those values are established for a low molecular compound
resembling monomer unit of PACIS. Hence, real pKa values can be shifted in
regards to the studied polymers. The overall net charge of the PISC molecules is
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negative, because of the presence of sulfamate group, which is ionized throughout
the whole pH range. Those sulfamate groups are present on the surface of the
studied associates, which gives raise to their highly negative ZP values for all
three studied molecular weights at all pH range. After the acid cleavage of the
sulfamate group, the ZP for PACIS varies from positive values in the acidic pH
to negative values in the basic pH. Below the pH = 3.63 (pKa of the carboxyl)
both the amine and carboxyl groups are protonated, which leads to the overall
positive net charge of the formed associates. Above this pH carboxyl groups get
deprotonated, leading to overall neutral charge of the polymer with both amine
and carboxyl groups being ionized. Since the charges carried by those pendant
groups at adjacent carbons are opposite, it leads to electrostatic attraction effects
and promotes aggregation. Above the pH = 10.12 (pKa of the amine) both
carboxyl and amine groups are deprotonated and the overall net charge of the
polymers is negative. qPACIS contains a quaternized amino group which carries
a permanent positive charge throughout the whole pH range. As before, the
carboxylic group is deprotonized in basic environment and then qPACIS gains net
neutral charge. However, because of the incomplete modification of the chemical
structure above pH = 4.52 ZP drops below zero. Moreover, the hydroxyl ions can
be adsorbed on the surface of the associates, giving raise to the negative ZP as
oppose to hydrogen ions which lead to in raise of positive ZP.

Figure 4.10 Dependence of ZP on pH of the solution of measured PE. The line
connecting measured points is used for better visualization.

All used PE contain hydrophobic parts, because the post polymerization
process was not completely carried out for all monomeric units. The unmodified
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hydrophobic PIS domains play role in aggregation and can have an effect on
ZP. One point of view is that hydrophobic parts are in the middle of assembled
particle and all charged groups are exposed. However, based on LS measurements,
the particles group into bigger assemblies. The interactions between the particles
include hydrogen bonding of carboxylic groups with water molecules. Even
hydrogen bonds can be created through several molecules of water and this
solvation layer can be conjunctive for several carboxylic groups. Moreover, the
studied associates are relatively large and it can be caused by the insertion of
molecules of solvent or the free ions present in the solution into the outer structure
of the associate. The inserted free ions can significantly influence the size of the
aggregates through the electrostatic interactions.
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Conclusion
In this bachelors thesis three different PEs were studied - PISC, PACIS and

qPACIS. PISC and PACIS were investigated in three different molecular weights -
7.5, 38 and 75.5 kDa. Additionally, qPACIS was studied in one molecular weight
- 38 kDa. All PE were prepared in three different pH environments - at acidic,
neutral and basic pH to observe changes in PE behaviour and size properties.

The LS scattering measurements were carried out for all PEs - specifically,
DLS and SLS measurements in order to obtain the diffusion coefficients, and
consequently the particle sizes.

The SAXS measurements were performed for chosen PEs in order to obtain
information about particle sizes and the measured data from SAXS were connected
with SLS data.

The zeta potential measurements were carried out in order to observe how the
studied PEs behave in different pH environments in more detail and to investigate
the particle charge on the surface of the aggregate.

DLS measurements show that our particles form bigger associates or multichain
domains, but number of them was not high as was seen from number weighted
distributions functions of Rh. The smaller values of sizes belong to single chains
or couple of chains interacting with each other. Most of the hydrodynamic radius
distributions are multimodal.

As the PEs have general tendency to showcase complex behaviour, the DLS
distributions were multimodal in many cases, which made them complicated to
interpret. The complex behaviour is caused by the contributions of different
particles (polyions, counterions, co-ions and solvent) or by dynamic modes present
in the system. Specifically, slow mode, which corresponds to the polyion diffusion
and fast mode, which corresponds to the ions diffusion.[59] The analysis of slow
and fast mode can be carried out in the future in order to understand the behavior
of studied PE in more detail.

For some of the samples, the particle size exceeded the threshold suitable
for LS analysis and those did not belong to the Guinier area. To ensure the
correct evaluation of those data smaller values of q2 would be needed, which can
be obtained from wide angle X-ray scattering.

The chains of studied PEs interact with other chains via hydrogen bonding and
also electrostatic repulsion, which play an important role in the aggregation process.
In polymer chains are also present hydrophobic parts, which are unmodified
monomer units of starting polymer PIS and they can form hydrophobic domains.

Our hypothesis was that PE with bigger molecular weight form bigger aggre-
gates. Interestingly, this was not confirmed, but the opposite with comparison
of sizes in basic solution. The short PEs do not have the opportunity to confor-
mationally stabilize, because they are relatively stiff. Hence, they are strained in
case of conformation and they tend not to form neat, small associates with other
chains. The longer PE chains can form coils and the surface of the formed coil can
interact with other coils. Those PE chains are more flexible and more stabilized
due to conformational stabilization. Therefore, the PEs of higher molecular weight
form smaller associates, than those of lower molecular weights.

Used PE do not show typical PZ behaviour in case of pH-dependence and
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conformation. This could be caused by more complex behaviour in terms of
electrostatic interactions and non-negligible factor is presence of unmodified
monomer units of starting polymer PIS, which can influence conformation.
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