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Abstrakt

Bakalarska prace se zabyva asociativnim chovanim dvou amfifilnich hvézdicovych
polymert, slozenych z 41, resp. 29 hydrofilnich ramen poly(2-(N,N-dimethylamino)ethyl
methakrylat) u (PDMAEMA, molekulova hmotnost ramene 6,0 kg mol ') a 26, resp. 88
hydrofobnich ramen poly(lauryl methakrylat) u (PLMA, molekulova hmotnost ramene 4,6
kg mol™!) ve vodnych roztocich, pomoci statického a dynamického rozptylu svétla a
transmisni elektronové mikroskopie. Vzhledem k tomu, ze polymery nebyly piimo
rozpustné ve vod¢, byl jako kosolvent pouzit tetrahydrofuran, ktery je dobrym
rozpoustédlem ramen PLMA, a po rozpusténi odstranén dialyzou, takze takto pfipravené
polymerni ¢astice byly v kineticky zamrzlém stavu. Bylo zjiSténo, ze postup pfipravy me¢l
znaCny vliv na velikost a molekulovou hmotnost polymernich ¢astic. Charakterizace
ukazala, ze v ptipad¢ polymeru s vy$sim obsahem PLMA (88 ramen) vznikaly, misto micel

s jadrem tvofenym PLMA a korénou tvofenou PDMAEMA, nanoprecipitované agregaty.



Abstract

The Thesis deals with association behaviour of two amphiphilic miktoarm star copolymers
composed of 41 (or 29) hydrophilic arms of poly(2-(N,N-dimethylamino)ethyl methacrylate
(PDMAEMA, molar mass of the arm 6.0 kg mol™!) and 26 (or 88) hydrophobic arms of
poly(lauryl methacrylate) (PLMA, molar mass of the arm 4.8 kg mol!) arms in aqueous
solutions, using a combination of static and dynamic light scattering and transmission
electron microscopy. Since the polymers were not directly soluble in water, tetrahydrofuran
as a good solvent for PLMA was used as cosolvent and after dissolution of the sample it was
removed by dialysis, thus leaving formed star polymer nanoparticles in a kinetically frozen
state. It was found that both size and molar mass of particles were strongly dependent on the
used preparation protocol. Characterization showed that in the case of the PDMAEMA -
PLMA sample with a higher PLMA content (88 PLMA arms), the polymer formed
nanoprecipitated aggregates instead of micelles with a PLMA core and PDMAEMA corona.



Abbreviations

BCPs — Block copolymers

CMC — Critical micellization concentration
SLS — Static light scattering

DLS — Dynamic light scattering

THF — Tetrahydrofurane

Saf — Star arm-first

PDMAEMA - poly(2-(N,N-dimethylamino)ethyl methacrylate)
PLMA — poly(lauryl methacrylate)

PFF — Particle from factor

PE — Polyelectrolyte

EMG - Electromagnetic

APD — Avalanche photodiode
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1. Introduction

Block copolymers (BCs) are an interesting group of macromolecular substances with the
ability to form self-assembled nanostructures both in melt and in solution, as a result of
mutual incompatibility of constituent homopolymer blocks. Such nanostructures find
applications in many fields from material engineering and electronics to medicine and
pharmacology. Not surprisingly, BCs have been a subject of keen interest of researchers for
decades.

Considering biomedical applications, so-called amphiphilic BCPs abilities to form
self-assembled nanoparticles (micelles, vesicles) in aqueous media are of special
importance. As water is often too strong a precipitant for the hydrophobic block, amphiphilic
BCPs are usually not directly soluble in water (unless the hydrophobic block is very short)
and their aqueous solutions have to be prepared indirectly using a water-miscible cosolvent
for the hydrophobic block, which is later removed from the solutions containing amphiphilic
BCP self-assembled nanoparticles by dialysis or distillation. After removal of the organic
solvent, due to strong incompatibility of the hydrophobic block with water, the self-assembly
appears in a so-called “kinetically-frozen” state as activation energies for extracting a BCP
chain from the self-assembly or inserting it to the self-assembly from the solution become
too large and the exchange of BCP chains between the particles and the solution is stopped.

It is thus assumed that if water content in the solution is increased fast and strongly
enough, the self-assembled nanoparticles keep the association number they had in the
original solution before mixing with a surplus of water. This procedure, introduced by Adi
Eisenberg, is referred to as quenching. Interestingly, a similar technique called
nanoprecipitation or solvent displacement (that is, fast mixing of polymer solution in mild
selective solvent with a surplus of a precipitant of the polymer) has been used for preparation
of nanoparticles from hydrophobic homopolymers dispersed in water. It is based on the fact
that instead of macroscopic phase separation of the hydrophobic polymer after mixing with
water, the polymer precipitates in the form of nanoparticles which are basically microscopic
phase domains of the separated polymer. In such a case, however, the size of the particles is
controlled kinetically unlike that thermodynamically controlled self-assembly of BCPs in
selective solvents before quenching. In practice, however, quenching is always imperfect

and BCP micelles may undergo secondary aggregation which is kinetically controlled.



In this thesis, we used quenching/nanoprecipitation for preparation of aqueous
dispersion of two amphiphilic star copolymers with hydrophilic arms of poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA) and hydrophobic arms of poly(lauryl
methacrylate) (PLMA) differing in the length of PDMAEMA and PLMA arms. We
characterized the star copolymer nanoparticles using static and dynamic light scattering and
transmission electron microscopy and studied the influence of preparation conditions and
solvent pH and ionic strength on size and molecular weight of the nanoparticles to gain

insight on association behavior of amphiphilic star copolymers in selective solvents.



2. Overview of literature

2.1. Block copolymers

Copolymers are polymeric materials consisting of two or more chemically different
monomer types in the same chain joined by covalent bonds. Block copolymers, BCPs, are
defined as polymer structures with two or more chemically different monomer units, which
are clustered in blocks of the polymer chains linked via their reactive ends. Properties of
block copolymers can vary, depending on compatibility of each type of the constituent block
with used solvent. Thanks to advanced synthetic methods and controlled polymerisation
techniques along with post-polymerisation functionalization, block copolymers can be

prepared with precision and controlled molecular weights and defined architectures.

2.2. Molecular architectures of BCPs

Block copolymers are normally prepared by controlled polymerization of one
monomer followed by chain extension with different monomer to form diblock (AB),
triblock (for example, ABA or ABC) or more numerous multiblock copolymers with
differing structures. Molecular architectures of block copolymers can be linear, branched or
cyclic structures. Under specific conditions BCPs with immiscible blocks can microphase
separate and form variety of bulk morphologies which include spheres, cylinders, lamellae
etc. In case of block copolymers composed of A and B repeat unit, the observed
morphologies include A(B) spheres positioned on a body centred cubic lattice in a B(A)
matrix, A(B) cylinders arranged on a hexagonal lattice in a B(A) matrix and coalternating
lamellae. Examples of nonclassical morphologies of AB or ABA block copolymers include

gyroid and lamellar morphologies.[©!



2.3. Star-shaped block copolymers

Star-shaped copolymers are a defined group of macromolecular architectures

consisting of several linear branches, arms, attached to a single branching point, called the

core. To be defined as star-shaped copolymer, at least three chains have to radiate from the

multifunctional centre. The number of arms can vary from a few to tens of branches. Based

on the chemical structure, monomer composition and sequence, molecular weight

a)
Homopolymer Statistical Block
Star Copolymer Star Copolymer Star
b)
Compositional MwW End-functional
Miktoarm star Miktoarm star Miktoarm star
c)
O
Small Compound Macromoleclule Network
Core-structured Core-structured Core-structured
Star Star Star
d)
Core-functionalized Arm-functionalized End-functionalized
Star Star Star

Figure 1 - Classification of star BCPs by (a) sequence distribution of the
arm polymer and composition, (b) difference in arm functional groups and
composition, (c) core structure, (d) functional placement ¢/

distribution and many other
factors, star polymers can be
further classified into various
categories as shown in Figure 1.
Homoarm star  copolymers
contain symmetrical arms with
similar molecular weight and
matching chemical composition.
Alternatively, heteroarm star
copolymer can contain
unsymmetrical arms  with
diverse chemical composition
and different molecular weights.
Structure, functionality, the
number of functional groups as
well as other characteristics of
the core, can define the
properties of the  whole
molecule. Star polymers have a
higher segment density due to
their smaller size compared to
linear polymers. Thanks to the
development in  synthetic
techniques, a wide range of this

type of copolymers is available.

Living polymerisation of star BCPs are mainly categorized into three type: 1) the arm-first



approach, 2) the core-first approach and 3) the in-out approach. Each of the mentioned

approaches has certain advantages and disadvantages.

2.4. Living polymerisations of star-shaped macromolecules

The method of multifunctional initiators also referred to as the controlled core-first
polymerisation is dependent of a premade multifunctional macromolecule or a well-defined
initiator from which arms are grown. A low molecular weight initiator with multiple
functional groups allows for the synthesis of a star block copolymer with well-defined
number of arms. Number of initiating sites of the core determines the number of arms
attached. To achieve best results in this approach, all initiating sites on the core should have
equal reactivity and maximum initiation efficiency. By using a hyperbranched core with high
molecular weight, less well-defined star copolymers are prepared. Benefits of this technique
are numerous, such as high yields and products of highly controlled chemical composition,
structure and functionality. On the other hand, the best results can be achieved with only

a small molecular weight cores and limited number of arms of the star-block copolymers.

The method of multifunctional linking agents or arm-first synthesis is further divided
into three main categories which include: 1) the macroinitiator approach, 2) the
macromonomer approach and 3) the self-assembly cross-linking approach. The most reliable
arm-first approach stems in the formation of linear functional polymers, arms, by living
polymerization which are coupled to form a star. The macroinitiator approach is based on
coupling monofunctional living polymeric arms with difunctional reagent. This process
creates the core of the star block copolymer onto which arms are formed by chain extension
of linear macroinitiator with a cross-linker. A similar approach is used in the macromonomer
arm-first synthesis in which the cross-linking polymerization is initiated by a small molecule
initiator, and the arm polymers are used as macromonomers. In the self-assembly cross-
linking method the star polymers are prepared by connecting the arm copolymers through
the cross-linkable block via the reaction of the pendant group with the di(or higher)-
functional compound. Benefits of the arm-first approach can be well-defined star
copolymers as control over number of arms by controlling the functionality of the linking
agents. Long preparation times and the need of separation processes to gain pure star BCPs

are limiting this method.



The in-out method is a combination of the aforementioned synthetic techniques.
A living macroinitiator initiates the polymerization of cross-linking agents and creates
a homoarm star onto which a pre-synthesized chemically different homopolymeric arms can
be attached by post-polymerization modifications. Number of arms of the star BCP formed
by this method is determined by number of functional groups of the cores. However only

two types of polymer arms can be attached using this technique.

2.5. Self-assembly of star-shaped block copolymers

A large number of polymer morphologies for example, graft copolymers, cyclic
polymers, linear BCPs, etc., can self-organize (self-assemble) into aggregates under certain
conditions. In the case of star-block copolymers or miktorarm star copolymers the use of
selective solvent or changes in solvent properties, can lead to molecular self-assembly and
to formation of micellar structures. The association behaviour is affected by end-groups of
copolymer arms and by the choice of selective solvents. For example, numerous
intermolecular associations in telechelic star copolymers lead to the formation of gels.
Polymer aggregates have higher stability then small molecule aggregates, as a result of their

mechanical and physical properties.

The basic parameters describing the structure of macromolecular self-assembly in
solution are the squared radius of gyration, R2 and the hydrodynamic radius Ru. While Rg?
is the average of squared distances of segments of chains forming the particle from the centre
of gravity of the particle, weighted by the masses of the segments, Ry is defined as the radius

of a sphere with the same diffusion coefficient as the given particles.

The self-assembly occurs above a concentration called the critical micellization
concentration or CMC. Above CMC, micelles are formed and all additional surfactant
unimer molecules form micelles, whilst the concentration of nonassociated chains remains
the same and is equal to CMC. If amphiphilic block copolymers are dissolved at constant
temperature and in selective solvent for one of the blocks, formation of BCP micelles occurs.

Aggregation number is an average number of BCP copolymer chains in a micelle above

CMC.

CMC can be controlled by many factors as pH, temperature, solvent properties,

molecular weight, chemical composition, efc. On average, star copolymers have higher



critical micellization concentrations and therefore lower aggregation numbers then
comparable linear BCPs. Increasing number of arms or molecular weight of arms in star
copolymers leads to a decrease in the weight average aggregation number, Ny, and also the
average aggregation number, N,. The self-assembly process is driven by an unfavorable
mixing enthalpy coupled with small mixing entropy, with the covalent bond preventing

macroscopic phase separation.l!

2.6. Properties of BCP in solutions

Aqueous environment is very common in studies of BCP self-assembly, with respect
to desired applications of BCP nanoparticles in pharmaceutics as drug carriers. Solubility of

each block of the A(By copolymer in water, divides them into three categories:

1. amphiphilic, for example, block Ayx is hydrophobic and block By is
hydrophilic,

2. double hydrophilic

3. double hydrophobic

The amphiphilic star-shaped copolymers could change their conformation with
solvent polarity. In a strongly selective solvent, miktoarm stars form micelles consisting of
the core of soluble arms and the corona of the insoluble arms similarly to linear BCPs. In
common solvents, hydrophilic chains swell. On the contrary, hydrophobic segments swell
in less polar solvents. Symmetric star polymers have different solution behaviours than star
(a) copolymers with chains of varying
molecular weight or chemical
structure. In a good solvent, the

increase in molecular dimensions is

expected in star polymers due to

higher number of  hetero-
Figure 2 - Typical shape of the Janus particles aggregates, a) micelles, {nteractions between arms. It has
b) vesicles [20]

been observed that, experimentally
found hydrodynamic radius, Ry, values of miktoarm-star copolymers are higher due to

repulsive interactions between chemically different arms A and B, when these arms are



linked to the same point. This expansion occurs in star-shaped copolymers in both good and

selective solvents.”-1°]

Morphologies of star-shaped block copolymers differ in polymer solutions, in bulk
and in thin layers, created at surfaces and interfaces. Experiments have shown that star-
shaped heteroarm diblock copolymers, in good solvent for both blocks, could form ""Janus -
like conformation. This effect is caused by slight difference in affinity to the solution
between block A and block B and leads to intramolecular segregation. After forming these
structures, depending on solvent properties, the ""Janus’ -like molecules could create
micelles or vesicles. This changes when the affinity to the solution of both blocks is nearly

equal. Spherical molecules are formed.

Experiments including (BA), star-shaped diblock copolymer, in selective solvent for
A block where, By block is situated near the centre of the molecule, indicate that due to the
solvophobic qualities of B-blocks these segments attract each other and form a core to
minimize contact with solvent. On the other hand, A-blocks are solvophilic and create a
corona surrounding this core. For a (BA), star-shaped copolymer system, with high number
of particles, n, there is lower chance of multimolecular micelle formation due to repulsions
between individual star coronas formed by Ay block. If n is small, chance of micelle
formation is higher by reason of insufficient shielding of the B-block cores, resulting to cores
collapsing into each other. This process is comparable to the self-assembly of micelles from
linear diblock copolymers. The difference between micelle formation from linear
copolymers and star-shaped copolymers is that, if »n is high enough, micelles will be

unimolecular. [19-20]

2.7. PDMAEMA-b-PLMA copolymers

PDMAEMA-b-PLMA,  poly(dimethylaminoethyl — methacrylate)-b-poly(lauryl
methacrylate) belongs to amphiphilic block copolymers able to form micelles with the
PLMA hydrophobic core and the PDMAEMA hydrophilic corona in aqueous solutions.
PDMAEMA is not only a hydrophilic polymer but it is also a weak polyelectrolyte (PE) as
dimethylamino groups are weak bases (pKy = 8,44) which at neutral and low pH become
protonated, forming cationic dimethylammonium groups. The transition from neutral to the

charged state has strong impact on PE conformation behaviour, as electrostatic repulsion



between identical charges, leads to stretching of the PE chain. BCP self-assemblies with PE
coronas are thus strongly responsive to pH. Another factor affecting the behavior of BCPs
is ionic strength of the solution. Soluble salts screen Coulombic interactions in solution and
thus weaken electrostatic repulsion between the charged groups along the PE chain.

Studies thus not surprisingly confirmed that PDMAEMA-b-PLMA copolymers
responded to pH changes. The hydrodynamic radius of PDMAEMA-b-PLMA nanoparticles
decreased with decreasing pH due to increased solubility of protonated PDMAEMA chains.
At acidic pH, the copolymer was highly soluble in water which leads to dissaggregation of
the supramolecular structures formed at neutral pH, due to stretching of corona chains which
disrupted the PLMA core. At basic pH, the PDMAEMA block was fully deprotonated and
repulsive forces between arms are reduced. As a consequence, the copolymer became more

hydrophobic, and formation of larger aggregates was observed.[!24]
2. b
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Figure 3 — Chemical structure of a.) PDMAEMA, b.) PDMAEMA with protonated cationic dimethylammonium group

2.8. Light scattering

Elastic scattering of electromagnetic (EMG) radiation is an interaction of the EMG
wave with matter leading to a change of the wave vector while the frequency of the radiation
does not change. Electromagnetic wave distorts electron distribution in the particle, which
results in polarization of the molecule and creation of an oscillating dipole. This dipole can
be considered as a source of scattered light and has same wavelength, 4, as the incident EMG
wave. Light is emitted from this oscillating dipole in perpendicular directions
isotropically.?”) The scattering angle 6, is an angle at which scattered light is observed,

considering the direction of transmitted light. Three major parameters are considered in light



scattering experiment, which are Rayleigh ratio, R, A and 6. The absolute scattering intensity
or Rayleigh ratio, describes loss in intensity of incident light, caused not by absorption, but
due to scattering, after passage through a medium. Intensity of scattered light is proportional
to the second power of polarizability of observed molecule and is inversely proportional to
the fourth power of wavelength. This is applicable to particles with size from 1/20 of the
incident light wavelength or smaller.l?*) Several oscillating electric dipoles are created in
molecules with size comparable to wavelength. This effect is greater with larger particles.
Light emitted by these dipoles in different points in molecule is out of phase and thus
scattering intensity is a superposition of waves in a point and angle of observation. In this
case, light scattering is angle dependent and differences in phase are minor at small 6.2°) An
interference pattern of the scattered light, particle form factor P(6), defines size and shape
of individual molecules. Brownian motion of particles in solution instigates random
temporal changes in local concentration of scattering particles. This phenomenon leads to
changes in interferences between oscillating dipoles in molecules and shift in scattered light
intensity at certain angle at time. Mobility of molecules in solution can be determined by
observation of this effect, which is the basic principle of dynamic light scattering. Common
methods of light scattering analysis are static light scattering (SLS) and dynamic light
scattering (DLS).

In SLS, light is scattered with variable intensity at all angles when measured parallel
to scattering plane. Analysis of particles larger then 1/20 of A in solutions, the intensity of
scattered light is a function of scattering angle 6. The scattering vector ¢ defines quantitative

measure for length scale of the SLS experiment. The value of ¢ is determined by the

difference of wave vectors of incident light, 7(7,) and scattered light, k, at observed scattering

angle 6:

—

G=k~ k (1)

The magnitude of scattering vector g for SLS of molecules larger than 1/20 of A and

given scattering geometry, wherelk — k,| = 2sin8/2 and q = a- |k — ky| and a = 2771
can be given as:

41n

q=— -sinf/2 (2)
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where / is substituted for %, based on the dependence of incident light wavelength A; on

refractive index of solvent, n. Determining size and shape of molecule larger then 1/20 of 4,

noted as a function, P(g), a particle form factor (PFF) for isotropic particles as:
1
P(q) =1-1 RZq? 3)

where R is the radius of gyration. Due to large number of molecules with varying sizes and
molecular architectures in observed solution, PFF is determined as an orientational average.
The Zimm equation, used to create the Zimm plot, determines the relation between
normalized scattered intensity R and particle form factor P(q). It takes into account solute
concentration ¢, interactions between solvent and solute and q. Used in light scattering

analysis for particles smaller than 50 nm:

Kc 1
R T 24,¢ 4)

where 2A4,c determines the attractive/repulsive interactions between solute and solvent and,
A, is the second virial coefficient of solution osmotic pressure which provides quantitative
measure for these interactions. The scattering power of individual solute particle, K, or so-
called contrast factor is dependent on refractive index increment %, which needs to be

determined to evaluate the sample. The K constant is calculated as:

dn
_ @mno)2(@)?
NAA‘I'

K (5)

where, n, is the refractive index of pure solvent, 4, is the wavelength of incident light and
. , d . . . . .
N, is the Avogadro’s number. d—: defines changes in refractive index with varying

concentrations and can be determined by measurements of solutions of different
concentrations with the same solute. For small values of qR or small 6, the Guinier

approximation of PFF is used as:

P(q) ~ exp (“L16) (6)

Natural logarithm of the simplified equation (4), with substituted Guinier
approximation of particle form factor, yields the function of Guinier plot, where In (R (q))

is plotted vs g2, for R measured at different g-values.

11



ln(R(q)) ~ In(KcM) — @ (7)

Based on this equation (7), slopes of Guinier plots determine the radius of gyration.
Guinier fits are valid for values of qR<I, more accurate results are gained using this
approximation at small values. The effects of sample dispersity are best observed at near
minimum values of PFF. On the other hand, most accurate measurements of R can be done

at small scattering angles.

The principle of DLS is the measurement of temporal fluctuation of scattered light
due to Brownian motion of particles. Physical dimensions of scattering molecules determine
characteristic rate of motion. A time dependent correlation functions is measured by dynamic

light scattering:

G() =UW®)I(t+ 1)) (8)

where I(t), is scattering intensity at time ¢, 7 is the is lag time and brackets ( ) denote
averaging over time, t, the scattering intensity at given time. A dimensionless

autocorrelation function can be written as:

t)I(t+7))

@) =" = 1+ v[g P @] ©)

where y is a constant determined by the specific experimental setup and gV (z) is the
normalized first order time autocorrelation function. It may be shown for a dilute solution of
monodisperse nanoparticles that g (z) is a single exponential whose time decay is
determined by the translational self-diffusion coefficient of the particle D and the length of

the scattering vector qi4!:

gV (@) = exp(—q?D7) (10)

where g2D can be expressed as decay rate, I' = g2D. Measured in DLS is the diffusion
coefficient D, which describes hydrodynamic interactions between solute molecules and
solvent in observed scattering solution. By experimental determining the diffusion

coefficient, hydrodynamic radius Ry, can be calculated from the Stokes-Einstein equation:

kT

D= (11)

- 6mnNRy

where k is the Boltzman constant, T is the sample temperature and 7 is solvent viscosity. An

important characteristic of analysed particles is p-ratio, which is defined as:

12



p=2 (12)

Ry

Particles with distribution of sizes and architectures can be present in sample solution
rather than molecules uniform in size and shape. This leads to dispersity of examined
solution. In case of polydisperse system the first order time correlation function becomes
sum of exponentials. For particles larger than 10 nm the measured diffusion coefficient
distribution, depends on size distribution and also scattering vector g. Common used
techniques for analysis of DLS data in disperse systems are the cumulant expansion and
inverse Laplace transform performed by constrained regularization algorithms such as

CONTIN.

2.9. Transmission electron microscopy

Transmission electron microscopy (TEM) is a high resolution, imagining technique
used for detailed analysis of morphological features, composition and crystallization
information of observed specimen. TEM is an analogous technique to light microscopy,
which is limited in resolution by wavelength of light. The use of electron beam in TEM, is
advantageous in magnification power due to smaller wavelength of electrons by order of
10°. Electrons are generated by field-emission electron gun a focused into small, thin and
coherent beam by condenser lenses, which exclude high angle electrons. Upon reaching the
specimen, portion of the electrons is transmitted through and focused by objective lens onto
a phosphor screen or charged coupled device camera. An image of the specimen is generated,
where contrast indicates amount of light transmitted through the sample. Areas with higher
rate of transmission appear to be lighter. The created images are monochromatic, except for
analysis with the use of fluorescent screen at the end of the visualization. Electron
microscopy is expensive, extremely sensitive to vibrations, and sample preparation can cause
damage to the specimen. To form an image, a sufficient amount of electrons need to be
transmitted, with minimum energy loss. Due to high absorption and scattering of electrons,
prepared samples are 20 — 100 nm thin. However, TEM technology has wide variety of uses

due to high magnification power and image quality.

13



3. Materials and methods
3.1. Polymer samples

Used (poly(2-(N,N-dimethylamino)ethyl methacrylate)-poly(lauryl methacrylate)
(PDMAEMA-PLMA) miktoarm star copolymers, were synthesized in the group of Dr.
Stergios Pispas (Theoretical & Physical Chemistry Institute, Athens, Greece) by the arm first
method which stemmed in crosslinking of PDMAEMA (M,, = 6,0 kg mol!) and PLMA (M,
= 4,6 kg mol~!) arm by the reaction with ethylene glycol dimethacrylate. Two samples were
prepared, PDMAEMA4-PLMA,s (M, = 377 kg mol™!, further referred to as Safl) and
PDMAEMA,9-PLMAgs (M, = 610 kg mol ™!, further referred to as Saf2); the indices denote

the numbers of arms. The details on synthesis and characterization are given in ref. 7]

HC cn
5~ CH2(CH2}0CH, @)L *\é/\r
A]BV EGDBI

70°C 24h

( )m
. °

N
/N

Figure 4 — Synthetic route for PDMAEMA yPLMAyamphiphilic mikto-arm stars. 371

3.2. Preparation methods

Solutions of star-shaped copolymers Safl and Saf2 were prepared for further
analysis. As neither Safl nor Saf2 were directly soluble in water, THF was used as a
cosolvent for dissolution in water. 5,0 mg of the polymer sample was dissolved in 0,5 ml
THF/water mixture (90%/10%, v/v) and mixing with water was conducted following two
protocols:

(1) 0,5 ml of the solution in THF/water mixture was added dropwise to 4,5 ml of
deionized water under vigorous stirring.
(i) 4,5 ml of deionized water was added dropwise to 0,5 ml of the solution in
THF/water mixture under vigorous stirring.
The solutions were then extensively dialyzed against a surplus of deionized water to remove
THEF. In the case of Saf2, the above-mentioned procedure was modified so that water was

replaced with 0,1 M HCI, 0,1 M Na,COs and with D,O (for planned small-angle neutron

14



scattering measurements). The final concentration of the samples after dialysis was about 1
mg/ml. Saf2 samples were further diluted with H,O (0,1 M HCI, 0,1 M Na,COs) prior to

light scattering measurements to suppress multiple scattering. Refractive index increments
% for individual homopolymers were obtained from literature®**#%! (the value for PLA in
THF was recalculated for water using the Gladstone-Dale rule). Refractive index increments
of Safl (j—: ~ 0,128 ml/g) and Saf2 (% ~ 0,130 ml/g) were calculated as mass-weighted

average values of constituent homopolymer dn/dc with respect to copolymer compositions.

3.3. Photometer

The light scattering measurements were conducted on an ALV light scattering
photometer (ALV, Germany), consisting of an ALV CGS3 automatic goniometer, ALV
5004 multiple tau digital correlator and a pair of high quantum efficiency avalanche
photodiode (APD) detectors operated in pseudo-crosscorrelation mode. The photometer was
equipped with a Cobolt Flamenco 100 mW diode-pumped solid-state laser source with the
wavelength, 4 =660 nm. The measurements were carried out in the angular range 40° —150°

with the angle step 5° and at the temperature of 297 K.

3.4. Transmission electron microscope

Transmission electron microscopy imaging was conducted using a JEOL NeoARM
microscope (JEOL, Japan) equipped with a field emission gun electron source operated at
acceleration voltage 200 kV and a TemCam XF416 CMOS camera (TVIPS, Germany) with
the resolution of 16 Mpix. 10 ml of the SAf2 solutionin water (~1 mg/ml) was put on a 300
mesh copper grid covered with holey carbon film. After 1 min, the solution was sucked by
touching the bottom of the grid with filter paper and the grid was left to dry at room
temperature before it was mounted on a single tilt sample holder and inserted to the

microscope.
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4. Results and discussion

The appearances of Safl and Saf2 solutions after mixing with water using Protocol
(1) were distinctly different: A weak bluish opalescence appeared in the Saf2 solution while
no increase in turbidity was observed in the Safl solution which, indicated that Saf2
nanoparticles had much higher molecular weight. Such a difference can be easily explained
as a consequence of Safl and Saf2 composition: Saf2 contains a lower number of
PDMAEMA arms and thus requires association of a higher number of star macromolecules
to stabilize the associate in aqueous solution.

The Saf2 solution had to be ten times diluted to suppress multiple scattering and to
get scattering intensities in the range which was optimal of the APD detectors. Such a
scattering behavior fully eliminated problems with dust contamination of allowed for
measurements without filtration of the samples. On the other hand, weakly scattering Safl
solutions had to be carefully filtered using membrane microfiltersto obtained reliable results.

Therefore, we further focused only to Saf2.
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Figure 5 — Static light scattering analysis function of In (R(q)) vs q° of Saf1, preparation protocol (i) in pure water solution
at concentration 0,930 mg/mL,
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Figure 6 - Dynamic light scattering distribution function of Safl, preparation protocol (i) in pure water solution at
concentration (0,930 mg/mL

The static light scattering measurement of 0,930 mg/mL Safl solution prepared with
the protocol (i) (Fig. 5) revealed two distinct Guinier regimes, (1) and (2), the former
corresponding to the scattering from larger aggregates which dominated at lower g and the
latter to the scattering from Safl micelles. The corresponding apparent gyration radii were
R =34 nm and Rg, = 71 nm (Table 1).

The dynamic light scattering measurement (Figure 6) showed bimodal distributions
of hydrodynamic radii (Rg;= 11 nm, and Ry>= 110 nm) which confirmed the coexistence
of star Safl micelles with Safl larger aggregates. Assuming that the mass fraction of the
Safl in larger aggregates is negligible, we can take the mass concentration of Safl for the
calculation of the molar mass of the micelles, Mw1=4,50 - 10° g mol™!, which corresponds

to the association number of approx. 12.
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Figure 7 - DLS distribution functions hydrodynamic radii for Saf2 solutions prepared using protocols (i) and (ii).

Table 1 — Evaluation of SLS and DLS measurements for Safl and Saf2 copolymer solutions

Sample R¢ [nm] Ry [nm] M,  [106
g/mol]
(SLS) (DLS)
Safl 34 |71 11 [ 110 |40
Saf2, Protocol (1) 118 72 1417
Saf2, Protocol (i1) 166 153 8269

In the case of Saf2, we used two protocols for preparation of aqueous solutions which
differed in the order of mixing (In Protocol (i) Saf2 solution in THF/water is dropwise added
to a surplus of water while in Protocol (ii) the procedure is reverse). The results are
summarized in Table 1; Figures 8 and 9 show the distributions of hydrodynamic radii and
Guinier plot for the ¢* range from 70 to 240 zm? which was used to evaluate Rg. Both SLS
and DLS showed that Protocol (i1) yielded nanoparticles which were larger and had higher
molar mass.

This difference can be explained as follows: When using Protocol (i), Saf2 solution
in THF/water mixture is added into a surplus of water so that the solvent quality decreases
instantaneously, Saf2 aggregates formed in THF/water mixture become “kinetically-frozen”
and no further rearrangement is possible. Using Protocol (ii), solvent quality is being

decreased gradually and so is the solubility of Saf2 in THF/water mixture. During this
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process, Saf2 is in a mild selective solvent so that the sorption of Saf2 star polymers to the

aggregates and the growth of the aggregates due to worsening of solvent quality can occur.
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Figure 8 - SLS analysis function of In(R(q)) vs q° of Saf2, in pure water solution, preparation protocol (i) and (ii)

In order to demonstrate that Saf2 aggregates are kinetically frozen, we measured DLS
in0.1M HCI (pH 1,35) and 0.1 M Na,CO; (pH 13,3) to observe changes in the hydrodynamic
radius of Saf2 aggregates caused by changes in PDMAEMA degree of protonation. While
in pure aqueous solution (pH 6,82), PDMAEMA is weakly protonated, at pH 13 it becomes
fully deprotonated and at pH 1 fully protonated. However, DLS measurements (Figure 9)
did not reveal any swelling of the particles due to stretching of protonated PDMAEMA
chains (Ry of 71 nm at pH = 1,35, is similar to 72 nm at pH = 6,82; deprotonated Saf2 at pH
= 13, exhibited even a slightly larger Ry of 79 nm). Such a behavior indicates that most
PDMAEMA arms are buried in the aggregates and thereby not exposed to water; changes in

the surface layer are too small to affect the overall hydrodynamic size of the aggregates.
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Figure 9 - DLS distribution functions hydrodynamic radii for Saf2 solutions prepared using protocol (i), with varying pH

In order to obtain deeper insight on the morphology of Saf2 aggregates, we used
TEM imaging. The TEM micrograph of Saf2 aggregates (prepared with Protocol (1))
deposited on a carbon film under high vacuum conditions is shown in Fig. 10. The size of
the spherical aggregates agrees with the results of light scattering measurements; the
histogram of particle radii obtained from the image analysis of Fig.10 is shown in Fig. 11.
It is noteworthy that many particles on the micrograph are interconnected and form
clusters. Such a behavior is not uncommon for nanoprecipitated polymer nanoparticles are
often less effectively stabilized as compared with core/shell block copolymer nanoparticles.
Similar structures were observed for example in aqueous solutions of polystyrene-grafted

cellulose.*!]
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Figure 10 - TEM micrograph of Saf2 nanoparticles, prepared with protocol (i)
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Figure 11 - Distribution of Saf2 particle radii obtained from image analysis of the micrographin Fig. 10
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5. Conclusion

We studied association behaviour of two miktoarm star polymers containing poly(2-
(N,N-dimethylamino)ethyl methacrylate (PDMAEMA) and poly(lauryl methacrylate)
(PLMA) arms, PDMAEMA,;-PLMA,c and PDMAEMA9-PLMAgs (the indices denote the
number of arms), in aqueous solutions. Since the samples were not directly soluble in water,
aqueous solutions were prepared by the quenching technique using tetrahydrofuran (a good
solvent for hydrophobic PLMA) as a cosolvent removed by dialysis against water.
Characterization of the associates by static and dynamic light scattering showed that while
the more hydrophilic PDMAEMA4-PLMA,s formed small core/shell micelles (Ry = ~10
nm, My = ~ 4,5 - 10° g mol™!), the quenching of PDMAEMA,y-PLMAss yielded large
aggregates (Ry = ~ 70 nm, My, =~ 1,4 - 10° g mol™!) which, despite the presence of a weak
polycation PDMAEMA, did not show any response to changes of pH. TEM imaging
revealed clustering of the aggregates. From our measurements we can conclude that
amphiphilic miktoarm star copolymers in which the number of hydrophobic arms is much
higher than that of hydrophilic arms are not able to achieve stabilization in aqueous solutions
as core/shell micelles and their association leads to the formation of nanoprecipitated

aggregates, the size of which is controlled kinetically rather then by the lengths of the arms.
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