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Abstract

Polymeric colloids with sizes in the nanometer range are considered among the most
promising candidates for encapsulation and the delivery of drugs. Various systems
ranging from solid or nanogel particles to polymeric micelles are prepared and their
properties optimized with respect to drug loading capacity, stability, long circulation
times, targeted delivery and controlled release. In this endeavor, it is important to
have good knowledge about the physical processes governing the formation, the
structure and the kinetic stability of the polymeric colloids. However, investigating
these processes, for nanometer sized objects dispersed and constantly diffusing in a
continuous media is not an easy task and requires advanced experimental techniques.
In this thesis I describe studies demonstrating that dual color fluorescence cross-
correlation spectroscopy (DC FCCS) can provide important informations about the
interaction and the exchange between dispersed nanometer sized colloids.

First, I considered the process of nanoparticle formation from emulsion droplets
that is one of the most common approaches for nanoparticles preparation. I showed
that DC FCCS allows to directly monitor the occurrence of coalescence between the
emulsion droplets that is considered as one of the major reasons for the large size
distribution of the obtained nanoparticles.

Second, I studied the equilibrium exchange of building molecules between am-
phiphilic diblock copolymer micelles. As a model system I choose a linear-brush
block copolymer architecture forming micelles with a thin and bulky corona. Using
DC FCCS I studied the exchange in different solvents and at various temperatures.
Depending on the quality of solvent the exchange time can be shifted by orders of
magnitude allowing extensive tuning of the molecular exchange.

A property which all these polymeric colloids have in common is their polydis-
persity. In the last part of my work, I explored the effect of polydispersity and
fluorescent labeling in FCS experiments using polymers as model systems. I found
that a suitable modification of the standard analytical FCS model can be used to
describe the FCS correlation curves measured in such systems. The validity of my
approach was confirmed by comparison with gel permeation chromatography exper-

iments and Brownian dynamics simulations.






Zusammenfassung

Polymerbasierte Kolloide mit Gréflen im Nanometerbereich werden als aussichts-
reiche Kandidaten fiir die Verkapselung und den Transport von pharmazeutischen
Wirkstoffen angesehen. Daher ist es wichtig die physikalischen Prozesse, die die Bil-
dung, Struktur und kinetische Stabilitat der polymerbasierten Kolloide beeinflussen,
besser zu verstehen. Allerdings ist die Untersuchung dieser Prozesse fiir nanome-
tergroffe Objekte kompliziert und erfordert fortgeschrittene Techniken. In dieser
Arbeit beschreibe ich Untersuchungen, bei denen Zwei-Farben-Fluoreszenzkreuz-
korrelationsspektroskopie (DC FCCS) genutzt wurde, um Informationen iiber die
Wechselwirkung und den Austausch von dispergierten, nanometergroffien Kolloiden
zu bekommen.

Zunachst habe ich den Prozess der Polymernanopartikelherstellung aus Emul-
sionstropfen untersucht, welcher einen der am haufigsten angewendeten Prozesse der
Nanopartikelformulierung darstellt. Ich konnte zeigen, dass mit DC FCCS eindeutig
und direkt Koaleszenz zwischen Emulsionstropfen gemessen werden kann. Dies ist
von Interesse, da Koaleszenz als Hauptgrund fiir die breite Groflenverteilung der
finalen Nanopartikel angesehen wird.

Weiterhin habe ich den Austausch von Mizellen bildenden Molekiilen zwischen
amphiphilen Diblock Kopolymermizellen untersucht. Als Modellsystem diente ein
Linear-Biirste Block Kopolymer, welches Mizellen mit einer dichten und kurzen
Korona bildet. Mit Hilfe von DC FCCS konnte der Austausch in verschiedenen
Losungsmitteln und bei verschiedenen Temperaturen beobachtet werden. Ich habe
herausgefunden, dass in Abhéngigkeit der Qualitat des Losungsmittels die Zeit des
Austausches um Groflenordnungen verschoben werden kann, was eine weitreichende
Einstellung der Austauschkinetik ermoglicht.

Eine Eigenschaft die all diese Kolloide gemeinsam haben ist ihre Polydispersitat.
Im letzten Teil meiner Arbeit habe ich am Beispiel von Polymeren als Modellsystem
untersucht, welchen Effekt Polydispersitdt und die Art der Fluoreszenzmarkierung
auf FCS Experimente haben. Eine Anpassung des klassischen FCS Modells kann
die FCS Korrelationskurven dieser Systeme beschreiben. Die Richtigkeit meines
Ansatzes habe ich mit dem Vergleich zur Gel-Permeations-Chromatographie und

Brownschen Molekulardynamiksimulationen bestatigt.






1. Introduction

Our today’s world is not conceivable without polymers. Their unique nature allows
extensive tuning of their properties which have evoked entry in all kinds of modern
human life. Polymers are abundantly used as structural materials for construction
and manufacturing as well as for packaging and other every day application. Es-
pecially during the last years research on conductive polymers have impinged and
boosted the development of organic solar cells.!” Here again the properties of poly-
mers such as mechanical flexibility and easy fabrication e.g. ink-jet printing or
injection molding urge scientists to dream of solving humanities energy problems
one day. !

Another current issue is the application of polymers as biomaterials. Besides
nowadays well established usage of polymers e.g. as surgical suture material or
in artificial knee and hip joint replacement, [ particularly during the last decades
the idea of encapsulating drug molecules, proteins, RNA or DNA into nanosized
carriers has provoked enhanced research in this direction.!”) The injection of these
kind of drug delivery agents into the organism shall on one hand facilitate the
distribution within the body but on the other hand allow specific targeting and
uptake. Among the various nanosized carriers, polymeric colloids are considered
of being the most promising candidates.!””) However, the relevant properties of
the polymeric colloids need to be associated with their structure and dynamical
behavior. It is of importance to elucidate the pertinent mechanisms within synthesis
and /or self assembly to gain access to their reliable preparation and application. [
Regarding this, their complexity makes these kind of investigations very challenging.
The intrinsic size of a few nm accompanied with dynamics in the ps-range requires
advanced experimental techniques and scientific instrumentation.

In this respect, Fluorescence Correlation Spectroscopy (FCS) is offering an in-
teresting alternative. FCS monitors fluorescence intensity fluctuations due to e.g.
diffusion of the tracers through a very small confocal observation volume (V' < 1
fL). Autocorrelation of the recorded fluorescence intensity signal makes diffusion
coefficient and size as well as concentration of the tracers accessible. Initially FCS

was developed as a tool in life sciences and biophysics where it is still predominantly
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used. "] However, especially during the last 15 years the technique has also found

widespread application in polymer and colloid science.['":'!]

1.1. FCS to study polymeric colloids

The probably most abundantly used application of FCS is the determination of the
hydrodynamic radius (Ry) from the mean decay time of the FCS autocorrelation
curve using equations 2.16 - 2.18. Therefore, a prerequisite is that the observed
species are fluorescent. Combining that with the single photon sensitivity provided
by modern equipment, such as avalanche photo diodes, FCS allows to investigate
size, concentration, aggregation and loading of colloids. "]

Rigler and Meier!"”] studied the encapsulation efficiency of nanocontainers (NCs)
formed by amphiphilic triblock copolymers. As a small molecular probe they used
sulforhodamine a low molecular weight fluorescent dye as well as the fluorescently
marked protein avedin. The FCS autocorrelation curves provided the hydrodynamic
radius of the of the single dye, avedin and the NCs. The R), for the latter were found
to be in the order of &~ 75 nm. Moreover, a comparison of the fluorescent brightness
of the fluorescent molecules from experiments where no NCs where present and the
NCs with encapsulated species allowed the authors to estimate the amount of their
encapsulation. Providing that the laser intensity was the same in the experiments the
number of encapsulated molecules could be determined by dividing the fluorescent
brightness of the NCs through that of the single fluorescent molecules.

In another study Jaskiewicz et al.l'’l examined the uptake of silica (SiOs) and
polystyrene (PS) nanoparticles into polymeric bilayer vesicles formed by the am-
phiphilic diblock copolymer poly(dimethylsiloxane)-block-poly(2-methyloxazoline)
(PDMS-b-PMOXA). The uptake constitutes a “minimal” model system for studying
the adsorption and transmembrane transport in the absence of membrane proteins
and polysaccharides. PS and SiO, possessed an Ry, of 16 nm and 14 nm respec-
tively whereas the vesicles where found to have a Rj of meanly 95 nm. Among
other techniques, the authors used FCS to gain insight into the kinetics of uptake as
displayed in figure 1.1. Fluorescently labeled particles were mixed with non-labeled
vesicles and FCS measurements conducted. The authors investigated an increase in

size from 16 nm after two minutes to roughly 100 nm after two hours verifying the
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¢ 2 min
o 10 min
~ 30 min

Figure 1.1: FCS autocorrelation curves of the loading of PS nanoparticles into
PDMS-b-PMOXA bilayer vesicles. The symbols are the experi-
mental curves whereas the lines correspond to fits.['"]

uptake of the nanoparticles into the vesicles.

Another promising candidate as drug carrier system in particular with respect
to siRNA transport for gene therapy was recently presented by Nuhn and cowork-
ers.l'] They synthesized well-defined amphiphilic reactive ester block copolymers.
The polymers undergo aggregation in polar aprotic solvents such as dimethyl sul-
foxide. The authors used the resulting assemblies as precursors while covalently
cross-linking their hydrophobic reactive core which resulted in the formation of sta-
bilized nanohydrogel particles. Furthermore, by stoichiometric adjusting the amount
of added cross-linker additional reactive sites where maintained to further allow con-
jugation with siRNA. FCS experiments of single fluorescently labeled siRNA and
the conjugated nanohydrogel particles verified the successful conjugation. The single
siRNA provided a much smaller diffusion time and thus size than the nanohydrogel
particles.

FCS was also used to determine the critical micelle concentration (CMC) in so-
lutions of amphiphilic block copolymers as shown by Bonné et al.l'>'") They used a
block copolymer comprising of 2-methyl-2-oxazoline and 2-nonyl-2-oxazoline as the
hydrophilic and hydrophobic part, respectively. To access a broader range of copoly-
mer concentration they mixed fluorescently labeled copolymers with non-labeled
ones. At the CMC and above it is not sufficient to fit the decay of the FCS autocor-
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relation curve with a single diffusion time (equation 2.15) which is corresponding to
the diffusion of fluorescently labeled single polymer chains. A second, slower decay
time is observed which can be associated with the diffusion of micelles as shown in

figure 1.2. The same authors studied the effect of block copolymer architecture on

10 4

hydrodynamic radius [nm]

1E-8 1E-7 1E-6 1E-5 1E-4 1E-3
Concentration [M]

Figure 1.2: Micelle formation of Poly(2-oxazoline) copolymers in water studied
by FCS. Blue squares indicate single chains whereas the red circles
correspond to micelles. The CMC is emphasized with the grey bar.
Labeled and non-labeled polymers were mixed.['"]

the size of micelles.!'] The hydrodynamic radius of triblock copolymers, with the
hydrophobic block in the middle, was compared with the one of diblock copolymers
having similar molecular weight and especially the same length of the hydrophobic
block. Their findings could show that the triblock copolymers lead to micelles with
a lower size. This however may be explained with steric considerations. For triblock
copolymers, the hydrophobic block stretches over the whole micelle determining the

core size whereas this is not the case for diblock copolymers.

1.2. Limits of classical FCS

As discussed above, nowadays FCS is more and more applied to study polymeric
colloids. ™! When considering aggregation, binding or loading, a prerequisite of the
successful application of FCS is that the interacting species may be discriminated by

size. Thus, a distinct change of the Ry, of the detected species before and after the
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assembly is mandatory.!'") A good example is the work of Jaskiewicz et al.!'”) which
I already introduced in the last section. The uptake of comparably small fluorescent
nanoparticles possessing a R), of about 16 nm into the significantly bigger vesicles
with a mean R), of 95 nm results in a distinct size increase of the detected species
(see also figure 1.1). If no significant changes of the size of the investigated species
are detectable during assembly the classical FCS technique is not appropriate for
their detection. A reasonable question here is of course what means significant. An
experiment with sufficient statistical accuracy means the correlation of at least ~ 2
million detected photons (average count rate ~ 25 kHz during a 120 seconds mea-
surement). Considering the Gaussian distribution of the experimental results and
thus a Gaussian error propagation an typical FCS experiment yields a hydrodynamic
radius commonly comprising a standard error of ~ 5 to 15 %.

Here, I will consider two thought experiments. First, the merging and thus coa-
lescence of spherical nanodroplets which might occur constantly in emulsions. If, for
example, in average two ”daughter” droplets of say R} 1 = 50 nm and R} 5 = 60 nm
coalesce volume conservation will lead to R 3 ~ 69 nm of the "mother” droplets.
Another example is the association of polymers. I consider a polymer with a sta-
tistical segment length of e.g. b = 0.5 nm and a degree of polymerization X = 500
and assume the chains to exhibit ideal Gaussian behavior. Having the root mean
square end-to-end distance vector of the chains \/ﬁ = bV X, the radius of gyra-
tion Ry = \/W and the relation R, = R,/1.3['") an association of meanly two
chains from X = 500 to 1000 would theoretically increase the hydrodynamic radius
from 3.5 nm to 4.9 nm. "]

Both examples show that for such studies the Rj should be detected with an
accuracy of at least ~ 15 %. Thus, within the standard error of such an experiment of
~ 5 to 15 % the size change should still be detectable. However, all these assumption
require ideal behavior and no experimental pitfalls or distortions, neither from the
samples, such as occasionally occurring aggregates, nor from the setup, e.g. non-
stable laser sources or not perfectly aligned optics. If additionally the sample exhibits
a size dispersity, no in R;, will be detectable.

Thus, classical FCS, only measuring the R}, might not be appropriate in such
cases. However, another advantage of FCS is its selectivity towards fluorescently la-
beled species. In this respect dual-color fluorescence cross-correlation spectroscopy
(DC FCCS), an enhancement of the classical FCS technique, is able to detect inter-
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actions between two differently labeled species. Briefly, the fluorescence fluctuations
of the two differently labeled species are recorded in two detection channels. More-
over, their associated diffusion results in similar fluorescence fluctuation signals. An
intensity cross-correlation of the independently recorded signals gives a quantitative
measure about the interaction process. The method was first introduced in 1997
by Schwille and coworkers. '] Within this work the authors studied the binding of
two single stranded DNA segments, both fluorescently labeled with different dyes.
Moreover, they could monitor the kinetics of the DNA hybridization and deduce the

kinetic rate constant.

1.3. Motivation

In this thesis I used DC FCCS to study the interaction and exchange between
polymeric colloids that can not be detected by size change only. Two processes were
studied. One is the preparation of polymeric nanoparticles from emulsion droplets as
templates and the second is the dynamic equilibrium exchange of building molecules
between diblock copolymer micelles.

Concerning the preparation of polymeric nanoparticles, the solvent evaporation
process from miniemulsion droplets (SEED) is an important procedure. Here, a poly-
mer is dissolved in an organic solvent and dispersed in an aqueous phase to form nan-
odroplets whereas solvent evaporation leads to the formation of nanoparticles. !’
Concerning medical applications, an advantage is the use of pre-polymerized poly-
mers which results in radical and residue free nanoparticles.”’’!! However, an in-
trinsic drawback of the technique which considerably shrinks the possibility of ap-
plication is the comparably large size distribution of the final nanoparticles. Here
the question is where is the size polydispersity originating from. Dynamic light
scattering (DLS) measurements reveal that coalescence is the reason.!””*’ However,
measurements relying on size might be altered by e.g. swelling of the polymers or
other artifacts. Thus, I used DC FCCS to study the influence of coalescence on the
SEED process directly.[*"’]

Other colloidal systems that are considered as promising candidates for drug car-
rier devices are amphiphilic diblock copolymer micelles. ="'l However, even in ther-

modynamic equilibrium there persists a constant exchange of building molecules be-
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tween the micelles. "] Yet, the exchange may influence the drug carrier properties
e.g. stability, controlled release and loading capabilities. Thus, not only because of
fundamental interest but also to further optimize and tune the properties of such
micelles a better understanding of their properties is required. So far the only fully
quantitative method which was applied is time resolved small angle neutron scat-
tering (TR-SANS) which is comparably time consuming and elaborate.!"""") T used
DC FCCS to study the equilibrium chain exchange of diblock copolymer micelles
comprising a bulky corona to identify the mechanism of exchange in framework of
the existing theories. ['")

A property which all synthesized polymers and colloids have in common is poly-
dispersity. Only few studies exist on how to account for polydispersity by FCS.["™"]
Moreover, it is common, and in terms of a moderate polydispersity also reliable, to
use the monodisperse FCS model to fit polydisperse data.!'"! However, besides the
size distribution of the diffusing species, their eventual distribution of fluorescence
brightness also plays an important role. I studied the influence of different fluores-
cent brightness distributions using polymers as a model system and introduce a new

FCS model accounting for the polydispersity of polymers.

11
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2. Fluorescence Correlation

Spectroscopy

This chapter gives an overview about Fluorescence Correlation Spectroscopy (FCS).
A short introduction into the history of FCS is followed by an explanation of its
concepts. The basic principles of fluorescence are delineated and the experimental
realization of FCS is outlined. Furthermore, the focus is set on the theory and
mathematical description of the FCS autocorrelation and DC FCCS cross-correlation

functions.

2.1. Historical sketch

In 1972 the principle of FCS was first described by Madge, Elson and Webb. " In
this very first FCS publication the authors reported how they measure the binding
of ethidium bromide to DNA. This was followed by concrete experimental realiza-
tionsl”"’l and several works on the application of FCS to investigate e.g. trans-
lational diffusion,”! rotational dynamicsl’""*] and laminar flow.”) Despite these
pioneering works the potential and application of FCS remained limited due to a
poor signal-to-noise ratio, non-stable laser emission, low quantum-yield fluorescent
molecules and inefficient detection. An essential enhancement was the combina-
tion of the FCS principle with confocal microscopy as suggested by Rigler et al.
in 1993.1°) The confocal principlel’!) ensures a very small observation volume al-
lowing higher concentrations of the fluorescent molecules and thus improvement
of the signal-to-noise ratio. Over the years development of single-photon-counting
avalanche photo-diodes (SPAD), stable laser sources as well as synthesis of more effi-
cient high quantum yield fluorescent molecules contributed essentially to the spread-
ing of FCS as an investigative tool within the scientific community."”l Due to its
non-invasiveness the technique has predominately established as a tool being uti-
lized in life sciences and biophysics.["”! However, especially during the last decade

FCS became more and more used in polymer, colloid and interface science.['":'"]
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2.2. Introduction to fluorescence fluctuation analysis

For the most spectroscopic techniques the relevant information is drawn from the
perturbation of the thermodynamic equilibrium of the studied system and its re-
laxation back to it. In FCS, fluorescent molecules are excited in order to trace the
fluorescence intensity fluctuations caused e.g. by their local equilibrium concen-
tration fluctuation measured in a small observation volume. Although in such an
experiment only very few down to single molecules are in average inside the obser-
vation volume, FCS does no insist to measure single molecule events. Rather the
autocorrelation and thus averaging over a statistically sufficient number of single
molecule events ensures appropriate information about random stochastic processes
such as diffusion or other molecular phenomena. "] Taking translational diffusion as
an example the fluorescence intensity fluctuations caused thereby contain informa-
tion about the diffusion coefficient of the investigated species or inversely about the
local viscosity of its environment. Additional information about the concentration
and brightness of the species observed can be obtained.['") Moreover a variety of
processes spanning a time scale from 107 to several seconds can be studied. The
only condition is that the investigated processes cause fluorescence fluctuations in
thermodynamic equilibrium. "

Another way to analyze of the fluorescence intensity fluctuations is using the
information contained within the photon count histogram (PCH). A PCH is a his-
togram where the number of detected photons per bin are plotted against the count
of bins with a particular number of detected photons. Thereby, in a PCH a fixed
bin-size is considered. Analysis includes modeling the Poisson-statistics of the fluo-

rescent molecules inside the observation volume as well as describing the statistics

of photon emission and detection.">"] Slightly different approaches have been de-
veloped named PCH analysis*>"~" and fluorescence intensity distribution analysis
(FIDA).[""I Both enable similar capabilities of distinguishing fluorescent molecules

by means of their emission properties.

16



Basics of fluorescence 2.3

2.3. Basics of fluorescence

Irradiation of molecules with light of a certain frequency v may result in absorption of
the light.!"™) Considering the wave-particle dualism the energy of the absorbed light
quantum or photon is quantified by Fx = hvs. Thereby, absorption of microwave
(MW) or infrared (IR) light results in excitation of rotational or vibrational states
of the molecule. If visible (VIS) or ultraviolet (UV) light is absorbed, excitation of
an electron from its electronic ground state Sg to an excited electronic state, e.g.
S1, occurs. The process is depicted in figure 2.1 in a so-called Jablonski diagram. ("]
After absorption, non-radiative relaxation to the vibrational ground state of the

excited electronic state may be followed by radiative relaxation of a photon with

E A
S,
_ T,
So
IC1o ISC4
ﬁ Al TP e,
VR  Ep=hv, Er=hve Q

Figure 2.1: A Jablonski diagram showing the energy states of a molecule in
a simplified manner. The thick lines represent the electronic and
thin lines the vibrational states. After energy uptake, e.g. due to
absorption A of a photon with energy Fa = hva from the singlet
ground state Sy to the first excited singlet state S; several routes
of energy dissipation back to the ground state exist. Besides vibra-
tional relaxation VR, the molecule can emit a photon from S; with
energy Fr = hvgp which is called fluorescence F. Another possibility
is to a triplet state T; including different
multiplicities between vibrational states which may result in

happens between states of
similar mult1p11c1ty and energy can further dissipate via quenching
Q, e.g. due to molecules collisions. "]
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lower energy Er = huvp back to the electronic ground state. This process is termed
fluorescence and the light which is emitted is called fluorescence light. Additionally
processes such as internal conversion may result in non-radiative relaxation from
higher to lower electronic states. Typical times for non-radiative relaxations are
1072 s which means that in almost all cases fluorescence occurs from the lowest
vibrational states of the excited electronic states since fluorescence lifetimes are in
the range of 107 — 107% s.

The similarity between fluorescence and internal conversion is that the molecule
remains within the singlet state and thus no change in net-spin of the valence elec-
trons is present. However, spin-conversion of an electron can result in excitation of
the molecule to the first triplet state Ty which is symmetry forbidden. So is the
transition back from T; to Sg which also results in emission of a photon and is called
phosphorescence. This means that the probability of this event is very low resulting
in triplet lifetimes typically orders of magnitude higher than those of fluorescence.
The fluorescent molecules used within this thesis possess triplet lifetimes in the range
of 107®—107? s. Another process of how energy from an excited electronic state of a
molecule can be dissipated involves association and interaction of different molecules

and is called quenching. One example is the fluorescence resonance energy transfer
(FRET).["]

2.4. Experimental realization

An essential contribution to the break through and thus widespread application
of FCS was the combination of the FCS principle with confocal microscopy as
first described by Rigler and coworkers.["] A today’s FCS setup comprises an epi-
illuminated converted confocal microscopel”'l as schematically shown in figure 2.2.
An excitation light source (blue in figure 2.2), in most cases a laser, is fiber-coupled
into the confocal microscope, expanded, and colinearized to fill the aperture of the
microscope objective. A dichroic mirror reflects the excitation light into the aperture
of the microscope objective. In general, objectives with a high numerical aperture
(NA > 1) are chosen to enhance the detection efficiency of the setup which is associ-
ated with low working distances of typically less then 200 pm. The objective focuses

the laser beam to a diffraction limited spot into the sample resulting in excitation
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Figure 2.2: A schematic of a confocal FCS setup and its working principle. See
text for details.

(see also figure 2.1) of the contained fluorescent tracers. Red-shifted fluorescence
light (green in figure 2.2) is emitted and collected with the same microscope objec-
tive followed by transmission through the dichroic mirror into the detection beam
path of the microscope. An emission filter ensures that scattered excitation light is
almost completely stopped. Following the fluorescence in the detection beam path,
the next crucial element is the pinhole which cuts off the fluorescence not coming
from the focal plane within the excitation volume. Therefore, a proper adjustment
of the pinhole regarding all spatial dimensions and its diameter are mandatory. The
pinhole enhances particularly the axial resolution of the setup and the signal-to-
noise ratio. "' Within a well adjusted confocal FCS setup an observation volume of
less than 1 fL can be achieved.['"] The small observation volume ensures high spa-
tial resolution of the technique combined with high sensitivity towards fluorescent

19
tracers. [/
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2.5. Theory and data analysis

The aim of a FCS measurement is the extraction of quantitative data of the observed
system such as concentration, diffusion coefficient or hydrodynamic radius. In order
to do so the application of an appropriate model is mandatory. Here I will give
the derivation of the most important equations in FCS for the case of translational
three-dimensional diffusion serving as a background for the following chapters of my
thesis. [5020]

2.5.1. The autocorrelation function
The general form of an intensity autocorrelation function is:[""""]
1 /7
g(7) = Jim ~ / [OI(+ 7)dr = (IOt + 7). (2.1)
0

Here T is the measurement time, I(t) is the measured fluorescence intensity and 7 the

lag time whereby ( ) denotes the time-average. In order to derive the analytical FCS

N = 3 1 5
> an
W -

Figure 2.3: The FCS observation volume occupied by a certain number of flu-
orescent tracers governed by Poisson statistics.

model it is important to mention that in general the underlying processes in FCS
can be considered as ergodic, meaning that the time-average equals the ensemble-
average. Considering the fluorescence intensity fluctuations 61(t) = I(t) — (I(¢))
around the mean fluorescence (I(t)) and normalization leads to the normalized form

of the autocorrelation function: (']

G(r) = IO+ 7)) L+ (0I(t)0I(t+ 7')>

(1(1))" (1(1))”

(2.2)
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Moreover, the occupancy of the FCS observation volume (Fig. 2.2 & 2.3) by a

certain number N of fluorescent tracers is governed by a Poisson distribution. "]

(V)" exp (= (N))
N!

P(N) = Poi(N, (N)) = (2.3)
If all the intensity fluctuations §1(t) arise due to concentration fluctuations 6C'(t) o
IN(t) inside the FCS observation volume than clearly 01(t) o< dN(t). Since for
a Poisson distribution the variance 0% = ((I(t) — (I(t)))?) equals the mean value

w= (I(t)), at the time 7 = 0 equation 2.2 reads
G0)=1+-+— (2.4)

which shows that the amplitude of the autocorrelation curve G(0) is inverse propor-
tional to the mean value of fluorescent tracers inside the FCS observation volume. "]
This becomes also phenomenologically evident if we consider G(0) as a display of

the fluorescence fluctuations 01(t) relative to the mean fluorescence (I(t)).

The next step towards a closed form solution of the FCS autocorrelation function
is the physical description of the confocal observation volume. Therefore, we have
to consider the point spread function (PSF) of the microscope objective. The PSF
describes how a point source of light in a sample at 7 is transferred to an image
at 7.[°%9" Furthermore, we delineate the transmission function of the pinhole of
the confocal microscope with a circular disk function circ(...) to deduce the collec-
tion efficiency function (CEF)™™ of the optical system as the convolution of the

transmission function of the pinhole and the PSF of the objective. "]
1 : r - 1.0
CEF(r) = A circ | — | PSF(7"— 7")dz'dy (2.5)
S0
P

Here A is a normalization factor and s is the radius of the pinhole projected into the
sample which means it is the physical radius of the pinhole divided by the magnifica-
tion of the objective. The convolution is done in the image plane (/ P) perpendicular

to the optical axis z. Multiplying the CEF with the excitation intensity I results
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in the molecular detection efficiency (MDE). "]
MDE(7) = I () CEF(7) (2.6)

A good approximation of the MDE is the so-called Gauss-Gauss-Lorentzian which
models the MDE in the plane perpendicular to the optical axis with a two-dimensional
Gaussian function whereas the z dependence parallel to the optical axis is modeled
by a Lorentzian one.!"") This approach however, does not lead to a explicit analytical
form of the desired autocorrelation function G(7). Therefore, most frequently the
MDE is sufficiently well described with a three-dimensional Gaussian which often

leads to an analytical solution of G(7).['"]

22 4 g2 2

MDE, () = MDE,(0) exp (—2 - > exp <—2—> (2.7)
zo and ro represent the axial and radial dimensions of the FCS observation volume,
respectively. They are defined as the distance from the center of the Gaussian MDE
to the point where the maximum intensity has decayed to the 1/e? part in the partic-
ular direction. The size of the observation volume is defined as the effective volume

V. which has an explicit value in case of three-dimensional Gaussian MDE: ['*]
(Jo MDE())" s,

Vers = S 2.8
ff fQ MDE2<7?>dF m TOZO ( )

where Q € R3. Clearly, the fluorescence intensity I(¢) and their respective fluctua-

tions 01(t) are proportional to the MDE resulting in

I(t) =« / MDE(7)C(F, t)dF (2.9a)

SI(t) = e / MDE(7)5C (7, t)d (2.9b)

with 0C(7,t) = C(7,t) — (C(7,t)). ¢ is called the molecular brightness and is a
variable that concatenates the excitation intensity amplitude, detection efficiency of
the optical system as well as the absorption cross-section and quantum yield of the

dye since these parameters are almost impossible to decouple from each other.['*"”]
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For computational convenience we assume that ¢ is a constant. Having equations

2.9a and 2.9b in hand a conflation with equation 2.2 yields

14 Jo Joo MDE(F)MDE(#") (7, 7, 7)drdi”

Glr 2.10
7 (C)? (Jy MDE(F)dr)’ 21

inasmuch as we define the concentration correlation
o(r, 7, 1) = (6C(7,0)0C(7, 7)) (2.11)

Further, the transport of the tracers crossing the FCS observation volume has to be
modeled. Considering free three-dimensional diffusion and thus Brownian motion
without any convection or flow the circumstance can be described by Fick’s second
law of diffusion: "]

9 (7,7, 1) = DV2¢(F, 7, T) (2.12)
or
with D being the diffusion coefficient. Having the initial condition ¢(7, 7,7 = 0) =
(C)o(7 — 1), the general closed form solution of equation 2.12 can be found by

Fourier transformation with respect to 7 resulting in!'’!

R B Gt
o(r, T, T) = (47TD7')% p( ) (2.13)

Applying equations 2.8 and 2.13 on equation 2.10 we obtain

1
G(t) = )
=1+ 4Dt 4Dt (2.14)
(C) Verp {1+ — 14—
o 20

Finally having (N) = (C) V.¢; and defining the structural parameter S as the ratio

between axial and radial dimensions of the FCS observation volume S = zy/rq we

get[ ,02,04,75]
G(r)=1+ . . = (2.15)
(N) (1 + %> 1+ S2r
with
™D = T—g (2.16)
4D
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being the lateral diffusion time of the fluorescent species through V.;¢. The Stokes-

Einstein equation!™
kgT

- 6mnD
relates the hydrodynamic radius Ry, with the diffusion coefficient D whereby 7 is the

h (2.17)

solvent viscosity, kg the Boltzmann-constant and 7' the absolute temperature. It has
been shown by Starchev et al. that for species larger than a few tens of nanometers
the size of the observed species has to be taken into account while relating diffusion

coefficient and diffusion time: "]

_ r2 + R?
4D

o (2.18)

2.5.2. Multiple species FCS

A more general form of the FCS autocorrelation function (Eq. 2.15) considers dif-
ferent non-interacting species with individual diffusion times 7p; which may also

exhibit individual molecular brightnesses ¢; respectively.

>oiy Mi(7;700) (N) €7
(X, (Vi) &)’

Here M;(7;mp;) considers the motion type e.g. diffusion or additional convection.

G(r)=1+

(2.19)

Table 2.1 gives an overview about the most common motion types. For any further
description and detailed derivations I refer to the literature. ['®7%7%76,59,00,76-51]

Equation 2.19 considers a discrete number of n species with different motion types
M (7; ) and possibly different brightnesses ;. However, certain species investigated
with FCS such as emulsion droplets, nanoparticles and polymers may exhibit a
continuous distribution of their size and thus diffusion times.!""""”) We can consider

the continuous case of equation 2.19 by introducing a distribution function

/ " Plro)dm = 1 (2.20)
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Table 2.1: Description and analytical solutions of the most common FCS mo-

tion types.
Motion type M(7;m™)
free 3D diffu- !
Sion[ ’ ’ H ) ] 1 + l 1 + T
™ S27mp
1
free 2D S
diffusion 7] (1 + T)
™D
i 1 7\ 2 1
convection and free exp |- —) ——
T T T
3D (1+> 1+ o 7 (1+)
diffusion %7774 D S5%p ™
1
3D diffusion in an  — 5 [(1 _ T> exp (47> erfe < /47> n T}
evanescent 4 (1 + T) D D D TTD
field [=] ™

such as e.g. a Gaussian or Schulz-Zimm distribution taking into account the partic-

ular problem. A complete treatment in this issue results in:

fooo M (7;7m)P(mp)e(mp)%dmD .
(N) (J5° P(mp)e(mp)dmp)”

G(r) =1+ (2.21)

A more profound discussion concerning this topic is given in another part of my
thesis (7).

2.5.3. Triplet contribution

The transport processes described may not be the single source of fluorescence fluctu-
ation that are detectable in a FCS experiment. Considering single molecule emitters
such as dyes, an excitation of the dye from the ground singlet state to an excited
singlet state may lead to intersystem crossing to a triplet state!”'! (see also Fig. 2.1).
In contrast to the mean residence time of the electron in the excited singlet state also
described as fluorescence lifetime which is typically in the range of a few ns["'l the

triplet-lifetime can be orders of magnitude larger.["” Common commercially avail-
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able dyes such as e.g. Rhodamine6G® or AlexaFluord88® exhibit triplet-lifetimes
between 1 and 10 us. As long as a fluorescent dye remains in a triplet state it can-
not be excited and thus appears to be dark. Comprising the ensemble temporally
measured this results in a fraction not excitable, apparently leading to a rise of the
amplitude of the autocorrelation function G(0).I'") In a FCS autocorrelation curve

the triplet is conspicuous as an additional decay (Fig. 2.4). Deriving an analytical

P O e B B kI B N M |

——— Diffusion
———  Triplet
1.8 ——— Rotational diffusion | ]|
——— Antibunching
16| T
x
O 14} -
12 7

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 041 1

t/s

Figure 2.4: Scheme of an FCS curve highlighting the different photo-physical
and dynamic processes detectable at different time-scales.

description for the triplet decay in the FCS autocorrelation curve includes model-
ing the rate equations for the system undergoing singlet-singlet, singlet-triplet and
triplet-singlet transitions and adding this source of fluctuations to the Diffusion-

equation (Eq. 2.12). Solving this problem is mathematically cumbersome and for

a detailed derivation I refer to the literature.!" "l However, the solution may be
written as: ;
.
Gr(r) =14 —F exp (——) . 2.22
H(r) =1 e (L (222

Here the triplet contribution is characterized by the triplet-lifetime 7r and the
triplet-fraction fr describing the mean fraction of fluorescent molecules excited to
the triplet state. Inasmuch as no altering of the diffusion properties of the ob-

served species occurs equation 2.15 may be combined with equation 2.22 to yield a
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triplet-rectified FCS autocorrelation function: ("]

Glr) =1+ {1 +r foTexp (—%)} <1T>M(T;TD). (2.23)

2.5.4. Rotational dynamics

Performing FCS experiments with linearly or circularly polarized lasers can result
in what is known as ”photoselection” meaning the preferential absorption of po-
larized laser light oscillating parallel to the absorption dipole of the fluorescent
molecule. "% Therefore, in the temporal magnitudes of typically 10~% — 107 s
fluorescence intensity fluctuations can occur which may give additional raise in the
autocorrelation curve as shown in figure 2.4. This contribution reflects the rotational
dynamics of the observed fluorescent molecule. Since the mathematical derivation
turns out to be elaborate and within my thesis I did not study rotational dynam-
ics I refer to the literature.”""%*"%] However, if the fluorescent lifetimes are much
smaller than the rotational diffusion of the fluorescent molecules and they posses an
approximately spherical shape as a first order approximation a single exponential

decay has been proposed:[*"* 1]

Grot = 1 + pexp <— T ) . (2.24)

Trot

Here 7., represent the rotational correlation-time!”! whereas as a first order ap-
proximation Ty = 1\(6Dye) With D,o being the rotational diffusion coefficient. "]
p is a factor which depend on the geometry of the experiment and the degree of po-
larization of the fluorescent molecule.!”"] As for the case of triplet the rotation-term

can be added as a factor to the autocorrelation function. "]

2.5.5. Antibunching

The fastest phenomenon that can be investigated with FCS is the so-called photon-
antibunching which is distinguishable in a drop of the correlation function at very
short times (< 1078 s) as depicted in figure 2.4.1”l Photon-antibunching is a direct
evidence for the particle interpretation of light and thus for its quantum mechanical

nature. """ In a simple picture, after excitation a single fluorescent molecule emits
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a photon. Afterwards a finite time has to elapse depending on the probability of
excitation until the molecule is excited again. Moreover, after excitation in average
the fluorescence-lifetime of the molecule vanishes until fluorescent relaxation to the
ground state occurs.””’l This means that the shorter the times get (7 — 0), the
probability of detecting a photon in an FCS experiment vanishes and therefore no
correlation is feasible. The contribution of antibunching to the FCS autocorrelation

function can be modeled by the following exponential dependency:[’*"""]

TAB

Gap =1 — exp (—i) . (2.25)

At this point it is necessary to mention that the typical timescales of photon-
antibunching (1072 — 107® s) and rotational diffusion (107® — 10~" s) are not acces-
sible with a conventional FCS setup comprising one APD. The apparent dead-time
of an APD which lies at round 10~7 s mainly due to the electronic signal process-
ing induces these temporal limitations. To access times below the dead-time of an
APD two photo-diodes in an Hanbury Brown and Twiss setup are necessary.[’”
Briefly, the emitted fluorescence is separated into two independent detection chan-
nels, each compromising an APD and a time-correlated single photon counting card
(TCSPC) for synchronized data acquisition. Cross-correlation (Eq. 2.27) of the
data detected in the two channels results in what is known as full correlation FCS
(fcFCS) %9107 containing information of times below the dead time of a single
APD. Finally concatenating the contributions of antibunching, rotational diffusion,

triplet, and translational motion a fcFCS function reads:

B )| =) I

o2 (1)) Lt
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2.6. Dual-color Fluorescence Cross Correlation

Spectroscopy

Cross-correlation analysis may be seen as a more general approach of what I have de-
scribed in the previous chapters although with respect to FCS it can be regarded as
a modification of the conventional form of the technique. One purpose is that intrin-
sic properties or artifacts of the excitation or detection devices, e.g. ” Afterpulsing”
of the photo-diode are circumvented to be non-present in the analysis. " In prin-
ciple cross-correlation analysis involves correlation of two independently obtained
fluorescence intensity traces. These intensity traces may be recorded by different
independent detection devices or discriminated computationally by software due to
emission properties such as fluorescence lifetime requiring TCSPC.['"1]

Besides a huge spectrum of variations the most abundantly used variants of FCCS
are dual-beam cross-correlation where two observation volumes are created and spa-
tially separated in direction of a flow!'””) and dual-color FCCS. The latter technique
was first described and experimentally implemented in 1997 by Schwille and cowork-
ers.”'l As the name already distinguishes it involves excitation with two different
wavelength lasers. An overview about dual-color FCCS will be given in the following

chapters.

2.6.1. The DC FCCS setup

The DC FCCS setup comprises of a confocal microscope as does the conventional
FCS. A schematic of the setup and its working principle is shown in figure 2.5. Two
laser beams of different wavelength shown and named ”blue” and "red” for simplic-
ity are simultaneously collimated into the microscope. A dichroic mirror reflects
both excitation beams into the back aperture of an objective which focuses them
into the sample. Here it is of importance that both foci are spatially overlapping
forming one ”common” observation volume. The sample contains two types of fluo-
rescently labeled tracers: one excitable with the ”blue” and the other excitable with
the "red” laser. Both types of fluorescent labels are excited and their fluorescence
collected with the same objective. The dichroic mirror transmits the fluorescence
light which further passes the pinhole and another dichroic mirror separating the

fluorescence of the ”"blue” and ”red” tracers into two independent detection chan-
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Figure 2.5: (a) Schematic setup of dual-color FCCS. (b) The two spatially over-
lapping observation volumes created by the ”blue” and ”red” laser
with differently labeled species diffusing either independently (left)
or linked (right). (c) Fluorescence fluctuation and the (d) corre-
sponding correlation curves in relation to b.

nels each comprising a photo diode. The fluorescent traces of "blue” and "red” are
simultaneously recorded and cross-correlated either by hardware or software.
Regarding the fluorescent species, two extreme cases are conceivable (Fig. 2.5b).
First, the differently labeled fluorescent species are diffusing independently through
the observation volume. Second, only dual-colored species are present. The lat-
ter case results in a huge coincidence between both intensity traces whereas almost
no concurrency is detectable when the "blue” and "red” species are diffusing inde-
pendently (Fig. 2.5¢). Cross-correlation (Eq. 2.27) of the intensity traces results
in a cross-correlation curve being almost zero for only single-colored species being
present and significantly higher for dual-colored species (Fig. 2.5d). Additionally

the autocorrelation curves of both channels are obtained.
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2.6.2. The cross-correlation function

In similarity to equation 2.2 the cross-correlation function reads: ']

(WOt +7) | (L)t +1))
(L) (L (1)) (L)) (L(1))

with [;(t) and I5(t) being the measured fluorescence intensity and 61;(t) as well as

Geo(r) = (2.27)

dI5(t) the fluorescence intensity fluctuations in channel 1 and 2 respectively.

Any time when light interacts with matter and faces refractory index changes
diffraction occurs. Diffraction limits the resolution and thus the smallest theoretical
achievable dimensions of the FCS observation volume. The radial resolution of a

confocal microscope reads!”’]

0.61\

Tmin = NA (228)
and in axial direction[®'] _
1.5n\

Zmin = NAZ (2.29)

Here X considers the excitation and emission wavelength which may be approximated
as the geometric mean A ~ v Aexdem. NA is the numerical aperture of the objective
with VA = nsina where n is the refractory index of the immersion liquid and « half
of the opening angle of the microscope objective. Equations 2.28 and 2.29 show that
the dimensions of the V.;; depend on wavelength. Thus, in accordance to equation
2.8 for the effective ”"common” volume V¢ in the DC FCCS case we can write?!]
Jo MDE; (F)dr* [, MDEy(F)di™ 5 (r} +13) /(21 + 23)

~ T

Vippx = 2.30
T [, MDE; (7)MDEy ()dr 2 2 (2:30)

taking into account diffraction and the resulting different sized observation volumes
Verra and Veyro created due to the different wavelength lasers. Considering different
types of motions (see also table 2.1) and species while remembering equation 2.19,
the general form of the autocorrelation functions of the independent signals of the

two detection channels read['"’]

Doty Myi(7; i) (Cha) €74

T i (2.31a)
Verra (Qimy (Chi) €1.4)

GAC.1<7—) =1 +
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> iy Mo j(1;75) (Ca ) €5
Verr2(32i21 (Cay) €2,5)?

Here the sums also include the double-labeled species and the numbers either 1 or

Gaca(T) =1+ (2.31D)

2 indicate the respective detection channel. Similarly the cross-correlation can be

written as:['"”]

> et Moo (75 7o1) (Cck) E1.1E2.4
Verrx (20imy (Cra) era) (5, (Cay) €2,5)

Gcc(T) =1+ (2.32)
where the subscript x denotes only the double-labeled species with quantity o having

o<m and o <n.

Since the cross-correlation curve does only appear when a significant amount of
dual-colored species with respect to the single-colored ones is present in the sample,
the sole occurrence of a cross-correlation immediately enables a tentative statement.
However, to be more predictive we have to deduce an expression for straightforward
calculation of the absolute value of the concentration of dual-labeled species. This
requires the assumption that all species of a ”color” possess the same fluorescent

brightness. ") Thus, the amplitudes of the correlation curves can be written as:

1

Gaca(0) =1+ = (2.33a
Vorra (o (Cr) )
Gaca(0) =1+ ! (2.33b)

e Verra(22j=1 (Cay)) '

Zzzl <Cx.k>
Geo(0) =1+ . . . 2.33¢
el = T (G (s (€ (2.55c)
Inserting 2.33a and 2.33b into 2.33c results in
—1 10 (O,

Goo(0) = 14 VersaVers2 [Gac.a(0) — 1] [Gac2(0) — 1] 375 (Cx) (2.34)

‘/:?ff.x

showing that inasmuch as no altering of the fluorescent properties, no chemical reac-
tions and no fast exchange of fluorescent molecules between the dual-colored species
occurs, the amplitude of the cross-correlation curve is direct proportional to the con-

centration of dual-colored species: Goc(0) oc S_5_, (Cy i) I'5250%1] This means by
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knowing the concentrations of the single-colored species (therein the dual-colored are
included) due to their amplitudes (Eq. 2.4) and careful reference measurements to
obtain size and shape of the observation volumes, the concentration of dual-colored

species can be calculated.

2.6.3. Volume overlap and cross-talk

As stated above a DC FCCS experiment and the desired quantitative evaluation
of dual-colored species requires an accurate determination of the observation vol-
ume as well as consideration of setup related aspects being a prior: present. A
very important requirement for correct application of DC FCCS is the knowledge
about overlap of the observation volumes. The figure of the DC FCCS setup (Fig.
2.5) shows how the alignment should ideally be: The shorter wavelength observa-
tion volume lies completely inside the higher wavelength one. However, this does
not need to be the case since e.g. dispersion of the optics, insufficient correction
for chromatic aberration, or misalignment of the pinhole(s) can lead to not fully

overlapping observation volumes as shown in figure 2.6.1'"'% Consequently, the

— b

Figure 2.6: A scheme of a misaligned DC FCCS setup with not fully overlap-
ping observation volumes.

volume where dual-colored species create similar fluorescence intensity fluctuations
in both channels (the purple area in figure 2.6) is smaller as theoretically expected.
Thus, Goc(0) will be lower with respect to Gac.1(0) and Gac2(0) as for the fully
overlapping case revealing an apparently lower concentration of dual-colored species.
However, a good approximation and straightforward way of facing this problem is

the introduction of a correction factor K into equation 2.34 correcting for the false
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negative cross-talk:['"’]

Goex(0) =1+ o VessaVess2 [Gaca (0) - ‘1/] [Gac2(0) =1 3 (Cn) (2.35)
effx

The approach requires a sample containing only dual-colored species. Since for a
100 % double-colored sample Y7} | (Cxr) = Y12, (Cra) = >0 (Cay) with o =

m = n a K-factor between 0 and 1 can be deduced.

So far we have tacitly assumed that the emission spectra of the differently colored
fluorescent species do not overlap and strictly splitting into the respective detec-
tion channels occurs with "perfect” optical elements. This does not need to be
completely fulfilled in a real experiment resulting particularly in detection of the
shorter wavelength fluorescence in the detector which intrinsically shall only de-
tect the longer wavelength fluorescence. """} This phenomenon is called detector
cross-talk and results in a false raise of G¢c(0) revealing artificially a higher con-
centration of dual-colored species. A straightforward approach is a rectification of
Gcc(0) after measurement as demonstrated by Bacia and Schwille.!'"!) First, the un-
desired cross-talk has to be specified using a sample which only contains the species
emitting at a shorter wavelength. The fluorescence is recorded in both channels to

determine the detector bleed-through /5 in a calibration measurement:

cal.
L

cal.
Fl

Kijg2 = (2.36)
Here the subscripts describe the ”color” and 1 means the shorter wavelength. F' is
the count-rate, thus the photon counts per second detected in the respective channels
1 and 2. The second step is the definition of the detector cross-talk rectified cross-

correlation amplitude:[ ]

Goc.cr(0) = Gaca(0) [(%> o <%) } : (2.37)
BE)

An important remark here is that a ”complete” rectification also includes the de-
tector cross-talk correction of the sample with 100 % dual-colored species used for

the overlap determination and evaluation of the K-factor (Eq. 2.35).
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2.7. Artifact suppressing

FCS and DC FCCS experiments are often distorted by artifacts, aggregates or other
undesired signals especially when measuring in complex systems. A typical way
of overcoming this dilemma is splitting the time trace 1" into n time intervals and
individual correlation followed by hand-selection of the good curves and averaging
whereas the distorted ones are discarded. This approach although possible with the
standard software has several disadvantages. First, hand-selection is subjective and
in principle scientifically not reliable. Second, hand-selection can become extremely
cumbersome when several dozens or even hundreds of curves are recorded. And
third, hand-selection does not enable small AT or, with other words, a splitting into

a huge number of curves n since this results in enormous time consumption.

A much faster and better way especially when dealing with a huge number of
curves is the automation of the splitting and in particular of the rejection. Within
my thesis I implemented a standard multi-tau algorithm!' ") as MATLAB® script
which allows to be flexible towards starting bin-time and bin-time doubling rates.
Moreover I wrote a program able to split the Zeiss-ConfocCor 2® raw-data in n
user-defined time-intervals AT. Typically I chose a AT of 0.5 s revealing 600 curves
for usual 300 s measurement. Then each AT is independently correlated and the
data stored. The following important step is the evaluation of the goodness of the

data which is based on!'""!
dG(r;) = <<Gk(n) —(G5(m)), #)2>i. (2.38)

dGy, is thereby a measure of the difference or deviation of a curve k£ from the others
(dG) = 0 is the mean). The next step is the determination of the maximum dGy
which is named dG,,., and sorting of the dG}’s. Normalization from dG,,.. = 1
and dG,,eqn = 0 is followed by a user defined setting of a threshold between 0 and 1
above which the curves are discarded. Since often a lot of curves are discarded, I im-
plemented the possibility to increase the starting bin-time to accelerate correlation.
Typically I chose 7,,;, = 1 us for the goodness-evaluation and after the rejection

step I re-correlate the remaining curves with 7,,;,, = 0.2 us for a better resolution.

A slightly different way of applying the algorithm does not use the squaring as in
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equation 2.38 but maintains the algebraic signs of the dGj’s:

AGi(0) = ((Gu(r) = (Gs(7)), 0.) [ Gr(7) = (G5 (7)),

>i (2.39)

In general the routine works similar to the one described above. However the user
is now able to set an upper and a lower threshold between 1 and -1. This allows not
only discarding distorted curves, but also to keep especially the ones which lag in
similarity to the most.

Applying the algorithm on DC FCCS data is straightforward. The only difference
is that the rejection of a curve of channel 71”7 does also depend on the quality of the

respective curve of channel ”2” and vice versa.
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3. Polymeric colloids

This chapter is introduced by a brief definition of colloids. Alteration mechanism
and strategies for its prevention are presented. Moreover emulsions and polymeric
nanoparticles and their fabrication especially important in terms of my thesis are
discussed. As another example for polymeric colloids, diblock copolymer micelles
are considered. Therefore the fundamental thermodynamics and scaling analysis
are delineated to conclude with a description of the dynamic equilibrium of diblock

copolymer micelles.

3.1. Introduction to colloidal systems

Colloidal system are heterogeneous systems which consist of a continuous phase in
which another phase is dispersed.!'""'""] These phases are named continuous and
dispersed phase. Our everyday life is influenced by such systems. Fog for example
is an aerosol, a colloidal dispersed system in which water droplets are dispersed in
a continuous gas phase. Another well-known colloidal system is milk a liquid-liquid
dispersion or emulsion. Distributed solid particles in a continuous liquid phase, e.g.
blood, ink and paint, are known as suspensions. Colloids possesses sizes between
several nm up to um which influence strongly their properties. In principle, when
the diameter of the colloids is higher than half of the wavelength of the lower limit of
visible light, scattering leads to an optically turbid dispersion. Once the dimensions
go down to molecular sizes (< nm) the mixture is homogeneous and is called true
solution. From the thermodynamic point of view a true solution possesses a negative
change of Gibbs free energy of mixing AG,, < 0. In contrast thereto, for all kinds
of colloidal dispersed systems AG,, is positive since otherwise the phases would
dissolve in each other.["%!0%:11]

A heterogeneous system consisting of at least two phases implies the existence of
an interface. It is defined as the area where different kinds of molecules adjoin each
other.!""'] Every kind of molecule induces forces in all spatial directions which are
meanly counterbalanced by the surrounding molecules of similar kind in the bulk.

However, different molecules induce different forces which means at an interface the
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forces are not counterbalanced resulting in an effective tension of the interface ox
and an interfacial energy v,. Considering again the change of Gibbs free energy,
AG is proportional to the change of interfacial area: AG = y,AA. Thus, any
reduction of interfacial area —AA leads to an reduction of —AG and is by means of
thermodynamics favorable.['""'"*] Colloids possess of a very high surface area which
makes their properties so unique and interesting. This is the reason why stabilization
against any type of reduction of interfacial area is required which will be discussed

in the following section.

3.2. Altering & stabilization of colloids

Stability of colloidal systems is a crucial requirement for maintenance of their prop-
erties. As stated above the ”global” reason for a reduction of interfacial area is the
reduction of Gibbs free energy.[””) However, local interactions such as electrostatic
ones are the reason for approach and finally aggregation.!''”] In emulsions, coales-
cence may follow.!'"”] In the following subsections I will give a short overview about
electrostatic interactions of colloids being actually the reason for aggregation and
a discussion of how they can be overcome. Osmotic pressure differences inducing

Oswald ripening!''"! and the prevention of it will also be discussed.

3.2.1. Attraction between colloids

One reason for interaction between colloids are forces due to the interactions of
dipoles, so-called Van der Waals (VAW) forces.l"” As shown by Hamaker in 1937
having no ion-coverage or -shielding the interactions between similar kind of colloids
will always be attractive inasmuch as no overlapping of the electron orbitals is con-
sidered.!'"”] Moreover there are three different kinds of VAW forces existing. One
is, permanent dipoles such as e.g. methanol interact and induce alignment of the
different polar endings towards each other (Keesom-interactions). So called Debye-
interactions mean the induction of dipoles to non-polar polarizable molecules due
to the interaction with polar molecules possessing a dipole moment. Furthermore,
besides permanent dipoles, oscillation of electrons may induce spontaneous fluctu-
ations of the electronic charge density even in non-polar molecules resulting in the

exhibition of temporal dipole moments which further interact with other polar and
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non-polar molecules.!''?) However, considering single dipoles, e.g. single molecules
the VdW-potential Uyqw(D) for all the interactions shows a very steep dependence

on separation D such as: (111

C
Uyaw(D) = — Bi().w- (3.1)

Here Cyqw accounts for the above mentioned interaction type and their particular
contributions. Coming from single dipoles to ensembles of molecules such as colloids,
all interactions of each molecule of a colloid with the molecules of the interacting col-
loid and vice versa have to be considered.!''”) Treating this problem mathematically,
the colloid surfaces are approximated as being flat resulting in:

. *Cyawp1p2

Where 72Cyaqwpipz is also known as the Hamaker-constant Ay with p; being the
respective densities.!''”] Importantly, the interaction potential between two colloids
approximated as two flat surfaces decays with a 1/D? dependency leading to a much

longer ranged attraction than for single molecules.

3.2.2. Strategies for stabilization of colloids

Considering charged surfactants adsorbing to the interface of colloids, their charge
will lead to electrostatic repulsion between them. However, within a continuous
phase in which ions are dissolved, due to multiple ion shielding effects no simple
modeling of this behavior is applicable.!''”] Thus, instead of using Coulomb’s law
we have to consider the Poisson-equation describing the decay of any potential.
The one-dimensional approach having only the dimension D assuming infinitely

expanded flat surfaces can be written as:

520(D)

oDz~ (8:3)

E€0

with g9 and ¢ being the vacuum permittivity and the permittivity of the continuous
phase. p, describes the local charge density of counterions. Boltzmann statistics

apply for p. and by assuming the presence of only monovalent ions we can writel'']
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= o o (FEHD)) _ ey ()] ”

Here eW (D) accounts for the energy to bring a monovalent ion from infinity to

distance D and c¢q is the concentration of the ions whereas e is the modulus of the
electron charge and kg the Boltzmann constant. Combining equations 3.3 with 3.4
and solving the obtained differential equation assuming the boundary conditions

U(D =0) =¥y and ¥(D — o) = 0 results inl' ']

6‘1’0
4kgT

(D) = 64cokTrx 'tanh? ( ) exp (—Dk) . (3.5)

which is known as the full one-dimensional solution of the Poisson-Boltzmann equa-
tion. Here A\p = x~! is called the Debye-length with

Eé?ok’BT
AD =4/ ) 3.6
P 2co€e? (36)

The Debye length is the distance at which the surface potential ¥y is decayed to

Uoexp~!. In case of "low” potentials meaning e |¥| << kgT a sufficient simplifica-
tion is the series expansion of equation 3.3 and neglection of all but the linear term.
This results in ¥(D) = Woexp (—xD).I'""] The decay of the potential gets steeper
inasmuch as the ion concentration is increased. This means the addition of salt to

a colloidal dispersed system may lead to destabilization.

Combining the VAW attraction and the electrostatic repulsion potential of two in-
finitely expanded flat surfaces together results in what is typically called the DLVO-
potential

1\ A
D) = 64cok Tk tanh? <2 _Dr) - 2H .
Upivo (D) = 64cokTr™ tan (4kBT exp (—Dk) 57 (3.7)

named as that due to the scientists Derjaguin, Verwey, Landau and Overbeek who
discovered it.[''»""%171 Ag already mentioned above the addition of salt tremen-
dously influences the ”shape” of the overall potential as depicted in figure 3.1. Salt
ions shield the electrostatic repulsion potential. This means that a decrease of salt
concentration results in less shielding and thus a higher contribution of the repul-

sion term in equation 3.7. At very close proximities however, the overall potential
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Figure 3.1: The DLVO-potential Upryo(D) in units of kT against the separa-
tion distance of two spherical objects D at different salt concentra-
tions. 12

gets negative which means aggregation will proceed. The importance therefore lies
in the maximum of the potential. A Uy.x > 15kgT is considered as being sta-
ble. 'V%10% 111 Dispersions trapped in the second potential minimum as shown in
figure 3.1 at a sodium chloride concentration of 0.1 M possess a relatively low bar-

rier of re-dispersion. This phenomenon is called flocculation and is reversible.

Besides ionic surfactants for electrostatic stabilization on base of the DLVO-
theory,!''l non-ionic surfactants, e.g. adsorbed or covalently attached polymers
may stabilize sterically.l''®"""] Considering the continuous phase to be a good sol-
vent for the polymers covering the dispersed phase a full coverage will certainly lead
to a elastic compression and thus repulsion of the colloids apart from each other
while approaching. Inasmuch as the surface coverage allows a penetration of the
polymers an increase of non-favorable polymer-polymer segment interaction is the
result. This leads to a reduction of the entropy of mixing or, from another per-
spective, an increase of osmotic pressure and to an overall increase of the Gibbs
free energy of the system.l'"'] This is unfavorable and pulls the colloids apart from
each other. A poor solvent results in the opposite phenomenon. Polymer-solvent

interactions are less favorable and thus aggregation of the colloids will proceed.!'”]
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3.2.3. Ostwald ripening

When emulsions and thus liquid-liquid dispersions are considered, so-called Ostwald
ripening can lead to an increase of the size distribution of the dispersed droplet
phase.['"") In the following description I will focus on oil in water emulsions. Smaller

droplets possess a higher Laplace-pressure [ aplace than bigger ones: (1)

2
PLaplace = % (38)

Here R is the radius of a spherical droplet. This however means that inasmuch
as there is a remaining solubility of the dispersed droplet phase in the continuous
phase, the Laplace pressure difference between different sized droplets will induce
diffusion from the smaller droplets to the bigger ones which leads to an increase of

their size-inhomogeneity (Fig. 3.2).['7%2]

S | t,

2, o/j\

Figure 3.2: Different sized droplets possessing Laplace pressure differences be-
tween them. The arrow thicknesses emphasize the magnitude of
the difference which develops further with increasing time (3 > ¢1).

A way of circumventing this phenomenon is the utilization of a low molecular
weight hydrophobic reagent.!'*”) It is assumed that the hydrophobic reagent is com-
pletely dissolved within the dispersed phase and thus after the emulsification step
all the droplets, no matter which size, have the same concentration ¢, ... Since the
hydrophobic reagent cannot diffuse through the continuous phase, a diffusion of

dispersed phase leads to the rise of osmotic pressure:

RTCh.r.
Mh.r.

HOsmotic - (3 9)

opposing the Laplace pressure. Here My, .. is the molecular weight of the hydrophobic

reagent. Diffusion will only proceed until the raising osmotic pressure counterbal-
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ances the Laplace pressure Plapiace = —Iosmotic Which is schematically shown in
figure 3.3.

bt O t,

N o)

~

Figure 3.3: Different sized droplets with dissolved hydrophobic reagent. The
Laplace pressure difference (black arrows) induces diffusion which
leads to the rise of an opposing osmotic pressure difference (purple
arrows) counterbalancing each other at a certain point.

3.2.4. Coalescence

In contrast to solid dispersed particles, droplets may deform easily. Considering
emulsions, a notable phenomenon is the occurrence of coalescence which basically
means the merging of two droplets to form a single daughter droplet.!'''] The mecha-

nism is depicted in figure 3.4. Coalescence is considered as one of the major reasons

Appoach/ Coalescence
"Collision

Figure 3.4: Coalescence is introduced by the approach and collision of droplets
leading to their merging.

for the huge size distribution observed in nanoparticle dispersions obtained from
the miniemulsion solvent evaporation process.!’” Studying this question was one of
the major topics of my work and will be discussed in detail in the main part of my
thesis.["*] However, considering the steps leading to coalescence first of all the elec-
trostatic attraction between the droplets has to be circumvented by an appropriate
electrostatic or steric stabilization as discussed above. Furthermore, the coverage of

the emulsion droplets with surfactants was found to play a major role.l'!!1%2%
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3.3. Preparation of polymeric colloids

Polymeric colloids in the nm regime are fabricated from emulsion droplets as precur-
sors. Primary dispersions are obtained from the polymerization of monomer within
the droplets. For secondary dispersion, the polymerization is decoupled from the
formulation into the colloidal form. In the following subsections I will discuss on

these two approaches by means of specified examples.

3.3.1. Emulsion polymerization

In the classical emulsion polymerization, the monomer is dispersed via stirring in a
continuous water phase forming a macroemulsion. One feature of macroemulsions
is that a relatively high amount of surfactant is added for stabilization leading to
droplet sizes between 0.1 pm up to 10 pm and typically a broad size distribution.
Kinetically stabilized droplets still possess a thermodynamic driving force for aggre-
gation.!'”]

A schematic of the mechanism of emulsion polymerization is depicted in figure
3.5.71 The monomer is dispersed into droplets and stabilized by surfactants pos-
sessing a low but crucial solubility in the water phase. Since the surfactant concen-
tration is above the critical micelle concentration (CMC'), micelles assemble having
a hydrophobic interior. A water soluble initiator, e.g. potassium persulfate KoS,0g,
initiates polymerization in the water phase. The proceeding addition of monomer to
the growing chains increases their hydrophobicity leading to the diffusion of the olig-
oradicals to the micelles or accumulation of surfactants around them. The monomer
droplets act as a reservoir of monomer providing constant diffusion of monomer to
the micelles where polymerization proceeds. Polymerization inside the droplets is
usually negligible since ~ 102! micelles per liter oppose ~ 10'% droplets per liter
resulting in orders of magnitude higher surface area of the micelles. The process fin-
ishes when all monomer has reacted and the supply of monomer from the droplets

vanishes. Final particle size between 0.05 ym up to 5 gm might be achieved.!'”"*l
In contrast, if a very high amount of surfactant is used for stabilization, a ther-

modynamically stable emulsion may form with droplet sizes between 5 nm and 100

nm. High surfactant concentration in this respect typically means 50 - 200 % of
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Figure 3.5: Schematic of the mechanism of emulsion polymerization on th ex-
ample of polystyrene.

the relative weight amount of the dispersed phase. Such types of emulsions are
called microemulsions. The polymerization mechanism is similar to the classical or
macroemulsion polymerization whereas nanoparticle sizes between 5 nm to 50 nm

are obtained. ['V%127:12]

3.3.2. Miniemulsion polymerization

Another type of emulsion is named miniemulsion. In comparison to microemulsions
the surfactant concentration is low, typically ranging from 0.1 wt% to 20 wt%.['*%'*’]
The surfactant does not fully cover the surface of the dispersed phase. Thus, the
typical droplet sizes of miniemulsions between 50 - 500 nm can only be achieved
when high shear forces, e.g. due to ultrasonication, are applied.l'""]

Figure 3.6 highlights the mechanism of miniemulsion polymerization. The differ-

ence to emulsion polymerization is the solubility of the initiator in the monomer.
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Figure 3.6: The process of miniemulsion polymerization.

Ultrasonication is applied to yield small droplets of monomer covered with surfac-
tant. Upon initiation of the polymerization by e.g. increased temperature, every
droplet can be regarded as a single independent ”nano-reactor”.["""'*?] Diffusion of
monomer may occur between the droplets but shall be suppressed by the addition
of a hydrophobic reagent to prevent Ostwald ripening (Figure 3.3).!'*”) The process
is finished in every droplet individually inasmuch as all monomers have reacted or

no radicals are left.

3.3.3. The solvent evaporation process from miniemulsion

droplets

The solvent evaporation process from miniemulsion droplets (SEED) as templates
was first reported in 1977.07 The procedure was further developed and patented*’!
whereas nowadays it is well established in pharmaceutical science for drug encap-
sulation in biodegradable polymers.!”"*!] The major advantage is the possibility of
combination of materials and doping of the final nanoparticles, e.g. the fabrication
of nanoparticles with magnetic properties by adding magnetic nanoparticles.”*’!
The SEED process is depicted in figure 3.7. A pre-synthesized polymer is dis-
solved in a good solvent, e.g. polystyrene in toluene, surfactant is added and due to
stirring and ultrasonication, miniemulsion droplets are obtained comprising the dis-
solved polymer. The organic solvent evaporates while heating or just over time since

its low solubility facilitates diffusion to the water-air interface. Thus, the solubility
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Figure 3.7: The solvent evaporation process from miniemulsion droplets.

of solvent in the continuous phasel'”” as well as the ambient pressure strongly in-
fluences the evaporation which usually takes hours.[””) What remains are polymeric
nanoparticles typically possessing sizes between 50 nm and 500 nm. For controlling
size and size distribution of the particles surfactant concentration,””) intensity and
duration of ultrasonication!'"" as well as the nature of solvent and viscosity of the

polymer solution are important.!'*]

3.4. Self-assembly of amphiphilic copolymers

The phenomenon of self-assembly of amphiphilic molecules will be discussed and the
driving forces highlighted. A brief thermodynamic view on micellization and the
CMC' is given. Characteristics of assemblies of amphiphilic copolymers in aqueous

media are discussed. Moreover the dynamic equilibrium of micellar structures is
described.

3.4.1. Fundamentals of micellization

Micelles are aggregates of typically 50 to 1000 amphiphilic molecules which tend to
self-assemble above a certain concentration, the CMC.I'''l Size and shape of the as-
semblies are governed by energetic and geometric means of the single molecules. In
the description given here I consider the formation of micelles in water. The cluster-

ing of the hydrophobic chains of the amphiphilic molecules results in the exclusion
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of the aqueous phase and thus a minimization of the alkyl-water contacts. Addi-
tionally, the alignment of the hydrophilic part of the molecules to the surrounding
water is achieved.!'"”) Figure 3.8 shows a two-dimensional scheme of the formation
of micelles from amphiphilic block copolymers.

From the thermodynamic point of view, micelle formation in aqueous media is an
entropically driven process.[""*'“7 This is controversial for the first moment, since
the formation of ordered structures will always result in a decrease of entropy which
is thermodynamically non-favorable. However, inasmuch as free hydrophobic chains
of the amphiphilic molecules are in contact with water, the formation of solvation
shells will proceed (see also figure 3.8). Water is not able to form hydrogen bonds
with the hydrophobic chains which will result in a more ordered structure of the
surrounding water due to the formation of more hydrogen bonds between the water
molecules. The degrees of freedom of the water molecules are reduced. This results
in the decrease of entropy which is overcome with the release of the hydrogen bond
enthalpy.!'''%1 At the CMC, this enthalpy release is not sufficient which leads to the
exclusion of hydrophobic parts from the water by formation of micellar structures
accompanied by the collapse of the solvation shells which finally results in an increase

of entropy. Note that in contrast to the formation of micellar structures in aqueous

Figure 3.8: The assembly of block copolymers comprising a hydrophilic (blue)
and a hydrophobic (red) block to micellar structures in aque-
ous media. Dotted lines highlight hydrophobic bonding which is
more pronounced between the water molecules surrounding the
hydrophobic block of the single chains. This results in a more or-
dered water structure (Degree of order scales with intensity of the
bluish background).
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Figure 3.9: The amphiphilic molecule concentration dependency of some phys-
ical properties.

media, micelle formation in organic solvents is driven by enthalpic means, specifically

by the increase of polymer/polymer segment interactions of the micelle core.!'’]
Related to the formation of the micellar structures is the abrupt change of some

physical properties of the micellar solution. This behavior is qualitatively depicted

in figure 3.9.0107

3.4.2. Thermodynamics of micellization

One way to approach the thermodynamics of micellization is to regard the micelle
formation a kind of phase separation.!'''**] We can consider the chemical potential
of the dissolved amphiphilic molecule p; and compare with the chemical potential of
the same molecule in a self-assembled structure p,,. The chemical potential however
is the sum of the effective standard chemical potential, u and pu; respectively, and

the interactions with other molecules resulting in:['?% '

pr = p] + kTIn (X;) (3.10a)
kT Xn

P = fly + —In <—) : (3.10Db)
n n

Here, X; and X, are the concentrations of dissolved amphiphilic molecules and

micellar structures formed by n molecules, respectively (see also figure 3.8). Equi-
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librium thermodynamic insists that when assemblies of a species form, the chemical
potential u of identical molecules in different assemblies are the same.!”™” Thus, we

can write:

PR e | -

n

and at the CMC (X; = CMC) the second addend of equation 3.11 is negligible

resulting in:!'"’]

CMC = exp (%) . (3.12)

The aforementioned equations only apply in the case of non-ionic amphiphilic
molecules. When ionic molecules are considered, an additional dependence on the
net charge and in particular on the presence and association of counterions on the
CMC becomes important.!'”>"""! Typically, electrostatic repulsion between ionic
hydrophilic parts leads to comparably higher C M C’s then observed for similar non-
ionic amphiphilic molecules.["""""**) However, the screening of electrostatic interac-

tions by adding salt to the system has a drastic effect resulting in decrease of the

cCMC.L

3.4.3. Scaling concepts of amphiphilic block copolymer micelles

A wide variety of different block copolymer micelle architectures exist and have
been experimentally investigated, e.g. spherical micelles!"**' "] rod-like micelles!*’!
and bilayer vesicles.[''”! However, in contrast to surfactant micelles, for micellar
structures formed by amphiphilic block copolymers, no simple predictions of the
shape on base of geometric means are possible. In polymer physics, scaling concepts
are the typical way to approach behavior and conformation of single chains and
their assemblies. Here I will give a brief introduction into the scaling theory of the
assembly of AB block copolymers in selective solvent. Figure 3.10 shows the two
limiting diblock copolymer micelle types, namely "star-shaped” micelles having a
comparably big corona and ”crew-cut” micelles comprising a short corona.l'*"

A typical way to approach the problem is a Helmholtz free energy analysis,
whereas the Helmholtz free energy F' considers the energy of a system which is
available to perform work by means of thermodynamics (first-law of thermodynam-
ics: pdV).["”] From know on I consider a single diblock copolymer chain in a spherical

micelle provided that the Helmholtz free energy of the system is almost solely gov-
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Figure 3.10: The two limiting cases of AB block copolymer micelles. ”Starlike”

r ”hairy” micelles having a comparably thick corona (A) and

”crew-cut” micelles comprising a thin corona (B). Parameters
characterizing the micelles morphology are delineated.

erned by the Helmholtz free energy of the micelles. This is a good approximation if
the system is well above the C M C but below a concentration where micelles would
interact with each other.!'"”! Thus, the Helmholtz free energy of a single chain in a
micelle Fye is the sum of the Helmholtz free energy of the core Fope, corona Foorona,

and the interface at the insoluble core block Fy,:!"!
Fyic = Flne + Feore + Feorona (3.13)
The volume of the micelle core is approximated as
Veore = b* Neoref % Rippe- (3.14)

Here, f is the micelle aggregation number, thus the number of polymer chains the
micelle is build of and b is the monomer length which is assumed to be similar for
core and corona block respectively.!'””] The latter equation leads to the Helmholtz

free energy of the core interface Fy:

Core

R?
Fun 0 T80 [ NG (3.15)

Since the Helmholtz free energy of a single chain is considered, I divide through

f.U1 In this analysis, v can be taken as the interfacial tension between core form-
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ing polymer and solvent due to comparably small interactions between core and
corona. [%:17]

The next step is the derivation of the Helmholtz free energy of the core Fiope.
Above the glass transition it is appropriate to consider the micelle core as a polymer
melt. Thus, Feee is determined by the change of configurational entropy of the sin-
gle chains. " The chains are assumed to be stretched over their end-to-end distance
vector 7 which is then Rcoe. This assumption is reasonable since confinement and
fixation of one end of the chains on the core-corona interface reduce the configura-
tional entropy. However, it may lead to an overestimation of Frop.!'"”) Considering
Gaussian behavior of a single chain the probability of having an end-to-end distance

vector R of the chain is

o - (e (25 o0

Thus, the configurational entropy S(N, R) = kglnf2(N, R) = kglnP(N, R) and the

Helmholtz free energy of the micelle core are determined as: """’

SIN.R) = —2hs 22 4 g (3.172)

YT BN T S

FOVR) = i 4 R (3.17D)
) —2 B Nb2 o .

giving the scaling behavior of the Helmholtz free energy of the core F,. normalized
by kBTZ[ ]

FCore R% 2/3 n7—1/3
~ ore N, ) 3.18
kel Neal? =1 1cor (3.18)

The most elaborate part in modeling the scaling behavior of Fyy. is accounting
for the Helmholtz free energy of a single polymer chain within the micelle corona
Forona- For the following consideration I introduce the concept of polymer blobs.
If the chain conformation is perturbed, e.g. due to interactions or applied external
forces within a blob &, a part of the polymer chain, the configurational statistics obey
Gaussian behavior.[""! Introducing here the polymer brush model of Alexander!'"']
and de Gennes!'”” the dissolved coronal chains are considered as being grafted on
the micelle core. Due to the spherical geometry of the core the volume fraction of

the corona polymer ¢corona reduces with distance r from the core and so do the
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perturbations. Thus the blob size increases with r resulting in & = £(r) which

is schematically shown in figure 3.11.1'>’) The blob size therefore can be written as

Figure 3.11: A micelle comprising a corona blob size dependency £(r) on the
distance from its center r.

&(r) = bn(r)” with v being the Flory-exponent and n(r) as the number of monomers
per blob £(7).l"*’] From here on v is set to 3/5 to account for excluded volume effects
of coronal chains.”” The spherical shell of thickness & (r) approximately possesses
the volume 72£(r) which is similar to the volume occupied by all the blobs within this
shell £&(r)? which provides &(r) ~ r f~1/2.1'"’] This relationship allows the expression

of the coronal volume fraction ¢corona () Without blob size parameters:

3 4/3
PCorona(T) ~ 72((7;))2 ~ f3 (g) (3.19)

Now, @corona(r) is integrated over the corona thickness L = Lcorona to yield the

volume of the corona Vioorona

Rcoret+L

VCorona ~ f]\'f(Joronab3 ~ / ¢Corona(r)dT3 (320)

Rcore

whereas under the assumption that L > Rcore this results in: 7797511
L~ fU5SN25 (3.21)

Corona

A similar way is chosen to access the Helmholtz free energy of the corona per chain.
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Integration over the energy density per blob kgT'/&(r)? vields: !

FCorona ~ l Reore+L T2
kBT f Rcore f('f‘)‘?

dr ~ f/*In (1+ L ) : (3.22)
Core

Now I come back to equation 3.13. For both types of micelles further simplifica-

tions can be made. ”Star-shaped” micelles comprise an extended corona (Ncorona >

Ncore) providing Feorona > Foore Which makes Fgoe negligible. The reverse as-

sumptions can be made for ”crew-cut” micelles (Ncore > Ncorona) giVINg Foore >

Foorona- 'V Furthermore, the logarithmic factor in equation 3.22 can be taken as a

constant C' which results in the Helmholtz free energy per chain in the micelle: """

b2
r [ LN A PPEC T Nom > Nowm
e ) T 3.23)
b - (
BT ™| 22 N 4 NG N < N
B

To find the mean aggregation number (f), Fyie/kpT is minimized in terms of f

b2
0 0 (FMic> B ]ZBTf_MgN(Z?{)?e + f_1/2 NCorona > NCore (3 24)
= — ) bQ - .
af kBT _IZ_Tfizl/gNééi’e + f71/3NC(>1r/63 NCorona < NCore
B
resulting in the scaling behavior: "]
N4/5 N orona N ore
(fy~9q o Corona = Y€ (3.25)
NCore NCorona < NCore
Note that I omit all the pre-factors as this is usual in scaling analysis. "7 #5157
Moreover, having equation 3.14 in hands, (Rcere) reads
N3{§eb NCorona > NCore
<RCore> (Qj/g (326)
NCoreb NCorona < NCore
and the mean micelle radius (Rygc):
<R > <L> ~ Né(/jg)Né(/jonab NCOTOHB« > NCore (3 27)
Mic/ ™~ .
<RCore> ~ N(Qj{,:;)eb NCorona < NCore
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in limits of ”star-shaped” and ”crew-cut” micelles, respectively. When Gaussian
fluctuations around the mean aggregation number (f) are assumed, the correspond-

ing standard deviation o; may be approximated as:!'"+'""]

82 FMic ~1/2 Nl{je NCorona > NCore
o= (g (B ) ~4 o o gy

Core

3.4.4. The dynamic equilibrium of micellar structures

The equilibrium behavior of small molecule micellar structures was first theoreti-
cally described in the 1970’s by Aniansson and Wall.[':'*%"%T They proposed two
mechanisms. First, small deviations from the equilibrium state lead to insertion
and expulsion of single molecules or unimers not changing the overall number of

micelles: [*7]

Af,1 + A= Af (329)

where A; considers an ”aggregate” with aggregation number i. The second process
describes an association/dissociation equilibrium of micelles and therefore considers
also their fusion and fission since the total number of micelles changes.!””) How-
ever, as stated by Halperin and Alexander!”” who first extended the Aniansson and
Wall theory on block copolymers, the relaxation time associated with micelle fu-
sion/fission may be orders of magnitude larger than 7y,;. Thus the slow exchange,
especially with respect to the work presented within my thesis, only plays a minor
role. In particular, even if significant micelle fusion and fission is present, unimer ex-
change will be the dominating process responsible for the exchange of the molecules
between micelles as shown by dissipative particle dynamics simulations performed
by Li and Dormidontova.!'”*] Therefore, I focus on a brief description of the theory
of unimer exchange between diblock copolymer micelles. A complete derivation of
the scaling analysis lies beyond the scope of my thesis and is described in detail

elsewhere, 20795, 149,156,157,159]

Regarding equation 3.29 unimer exchange may be expressed as a first order chem-
ical rate equation. Thus, if at ¢ — 0 the exchange is assumed to start, the time

correlation function K (t) can be understood as sort of normalized concentration
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with K (t = 0) = K, = 1 possessing a rate constant k leading to:["”!

dK K g

t
— — [ kdt K(t) = —kt). .
o = [ R = K =eow. @0

The unimer exchange, in particular the expulsion of an insoluble block, can be mod-
eled in the framework of Kramers theory.l'"’) A melt-like micelle core is considered
as a source of polymers within a potential well. Along the reaction coordinate, the
expulsion and thus outflow is modeled with the stationary one-dimensional Smulo-
chowski equation. " Since the outflow from the rim of the well includes the crossing
of a potential barrier U, Boltzmann statistics apply. Thus, the rate constant can be
expressed as: 77"

k ~ L _ leXp (—=U). (3.31)

TUni To

U therein is mainly determined by the creation of new interfacial area between
solvent and core forming polymer ~."") When V,, is the molar volume of the polymer
within the core, U might be written as:['""]
2/3 18
YV " NG
U=A—F7F7" 3.32
T (3.32)
Here A and [ take into account the conformation of the core block during expul-
sion. The two border cases of core polymer conformation during expulsion can be a

spherical shape or a stretched conformation.[*"'%!]

(36m)'/3 2/3 Spherical
A= = 3.33
{ (8m)1/3 P 1 Stretched (3.33)

The last missing parameter is the relaxation time 7y. Different scaling approaches
have been proposed.l’" " T follow Bates, Lodge and coworkers and describe the
dynamics inside the micelle core in frame of Rouse dynamics.!"”) The Rouse model
describes a polymer chain by means of N beads connected by springs possessing
a root mean square distance of a polymer segment b."""'%’l Each bead comprises a
friction coefficient (. Thus, in terms of the Einstein relation the diffusion coefficient
D = kgT/(N¢) and under assumption of an ideal Gaussian chain (%) = Nb?
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without excluded volume: [*"]

CHEN?
kenT

() . C
TR%T%kB—TN<T2>%

(3.34)

may be written. Hence, the Rouse time 7y is a characteristic time a polymer needs
to diffuse approximately the distance of his root mean square end-to-end distance
vector 4/ (7?). In framework of the problem of dynamic equilibrium exchange be-

tween micelles for 7, the exact solution of the highest Rouse time is given as:['%’

(g
= Tp = ore 3.35
O R G2 T (3:35)
Putting equations 3.30 - 3.35 together the time correlation function reads:
612k T — AyVZBNE
K (t, Noore) = o — Core 3.36
(F: Neow) = exp [ BN ( T (330

As the double exponential dependency of K(t) on Ngoe suggests there exists a
tremendous influence of the exchange process on degree of polymerization of the
core block. Moreover, its polydispersity may significantly broaden the relaxation ki-
netics. This phenomenon was first taken into account by Lodge, Bates and cowork-
ers.["’] They suggested an integration over a distribution function describing the size
polydispersity of the core forming polymer. In particular they found a Schulz-Zimm

distribution to fit the situation appropriate:

— §£+1 Né;rle _gNCore
P(NCOTE) B F<§ + 1) <NCore>§exp ( <NC0re> ) (337)

Here ¢ = 1/(PDI —1) and PDI is the polydispersity index.["”] This finally leads to

a time correlation function reading:

R(tv NCore) - / K(t, NCore)P(NCore)dNCore~ (338)
1
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4. FCS directly monitors coalescence

during nanoparticle preparation

Dual color fluorescence cross-correlation spectroscopy (DC FCCS) experiments were
conducted to study the coalescence and aggregation during the formation of nanopar-
ticles. To assess the generality of the method, three completely different processes
were selected to prepare the nanoparticles. Polymeric nanoparticles were formed
either by solvent evaporation from emulsion nanodroplets of polymer solutions or
by miniemulsion polymerization. Inorganic nanocapsules were formed by polycon-

densation of alkoxysilanes at the interface of nanodroplets.

< > | no coalescence

2.0 A
—— coalescence

1.75

cross correlation

1.25 -

———— N~ ——

| ]
102 102 10" 100 10'
time [ms]

In all cases, DC FCCS provided fast and unambiguous information about the oc-
currence of coalescence and thus a deeper insight into the mechanism of nanoparticle
formation. In particular, it was found that coalescence played a minor role for the
emulsion solvent evaporation process and the miniemulsion polymerization, whereas
substantial coalescence was detected during the formation of the inorganic nanocap-
sules. These findings demonstrate that DC FCCS is a powerful tool for monitoring

nanoparticles genesis.
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Reproduced with permission from:

D. Schaeffel, R. H. Staff, , H.-J. Butt, K. Landfester, D. Crespy, K. Koynov: Fluores-
cence Correlation Spectroscopy directly monitors coalescence during nanoparticles
preparation, Nano Lett., 2012, 12(11), 6012-6017.

Copyright 2012 American Chemical Society

4.1. Introduction

Synthesis and characterization of nanoparticles play a large role in current materials
science with major foci on applications directed on therapeutics!'*~'%! and energy
conversion and storage.!'"] For the preparation of nanoparticles, micelles and emul-
sion droplets are often used as templates for polymerization processes!'’”! such as
conventional emulsion!'*") and miniemulsion polymerization!'"? or inorganic reac-
tions. ' Emulsified solutions of polymers can be also advantageously used for
the formation of polymer nanoparticles!” %' and nanocapsules!' ™ after sol-
vent evaporation from the emulsion droplets (SEED). However, the use of emulsion
droplets as templates in chemical or physical processes for the formation of nanopar-
ticles has intrinsic drawbacks originating from the colloidal stability of the emulsions.
Indeed, coalescence between droplets and Ostwald ripening of the emulsions are
mainly responsible for the nonuniformity of the obtained nanoparticles. In situ quan-
titative monitoring of coalescence is still a challenge in colloid science. Typically,
dynamic light scattering is used to measure the size of droplets and nanoparticles
at different stages of the preparation process to retrieve information on coalescence.
However, this information is often incomplete or questionable because some phenom-
ena with opposite effects on droplets or particle sizes cannot be easily decoupled.
For instance, in the SEED process, the solvent evaporation leads to a shrinking
of the droplet size whereas it is simultaneously increased by coalescence between
droplets. Thus, new characterization methods that can provide direct information
about the extent of coalescence during the preparation of nanoparticles are needed.
Fluorescence correlation spectroscopy (FCS) is a powerful technique for studying the
dynamics of fluorescent species such as small molecules, macromolecules, or nanopar-
ticles in various environments. "'l The fluorescent intensity fluctuations caused

by the diffusion of the species through a very small (< fL) confocal detection vol-
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ume are recorded and analyzed to obtain their diffusion coefficients, hydrodynamic
radii, and concentrations.["] Although initially developed and still predominantly
used as a tool in molecular and cell biology, [ """l FCS has also found many
applications in polymer and colloid science in recent years. In particular, surface
diffusion of adsorbed polymers,[ "%’ or tracer diffusion in undiluted polymer so-
lutions, "% cross-linked networks,!*~'“?) and bulk polymers,!'”" were studied.
The formation of amphiphilic copolymer micelles and vesicles and their interaction
with small molecules or nanoparticles was investigated.['”'>'"*"l Furthermore, very
recently FCS was successfully applied to measure the size and polydispersity of mi-
croemulsion droplets.!'”) Herein, we show for the first time how an extension of
the classical FCS called dual color fluorescence cross-correlation spectroscopy (DC
FCCS) """ can be efficiently used to monitor directly the coalescence and aggrega-
tion during nanoparticles preparation from emulsions. We illustrate our general ap-
proach on three different but typical nanoparticle preparation methods: the solvent
evaporation process from emulsion droplets (SEED), miniemulsion polymerization,
and the interfacial polycondensation of alkoxysilanes with emulsion droplets as tem-
plates. The latter case allows the fabrication of silica nanocapsules, while polymer
nanoparticles are obtained with the two other processes. Representative SEM and
TEM micrographs of the three different types of particles are shown in Figure 4.7
of the Supporting Information (SI).

4.2. Experimental section

4.2.1. Synthetic approach

Our strategy is schematically presented in Figure 4.1 with the preparation of poly-
styrene (PS) nanoparticles by SEED taken as example. The first step is to synthesize
two fluorescently labeled polymers with molecular weights similar to the unlabeled
ones usually used to prepare the nanoparticles. To that end polymerizable BOD-
IPY ”"blue” and "red” dyes suitable for FCS experiments were copolymerized with
styrene and purified (see SI). Two solutions of labeled polystyrene in chloroform
were prepared in two different beakers. Each of the colored polymer solutions was
then separately mixed with aqueous solutions of SDS surfactant and sonicated to

produce two different emulsions with either "blue” and ”red” polymer/ chloroform
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4 FCS directly monitors coalescence during nanoparticle preparation

droplets in water. Finally the two emulsions were mixed and stirred following the
usual SEED preparation procedure until complete evaporation of the chloroform

and the formation of stable PS nanoparticles.
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Figure 4.1: Concept of the experiment: two differently fluorescently labeled
polymers are dissolved in an organic solvent or monomer and dis-
persed via stirring and ultrasonication prior to mixing. Polymer-
ization or solvent evaporation leads to the formation of dispersed
stable nanoparticles.

The occurrence of coalescence has then a dramatic effect on the labeling of the
nanoparticles. Indeed, if coalescence has taken place to a large extent during the
evaporation, the final dispersion should be double-colored. On the contrary, the
final dispersion should be composed of a mixture of separated "blue” and "red” PS

nanoparticles if no or insignificant coalescence has taken place.

4.2.2. Dual color Fluorescence Cross Correlation Spectroscopy

The presence of double-colored nanoparticles in the final dispersion was quantified
by dual color fluorescence cross-correlation spectroscopy, an extension of the classical
FCS method that is often used in molecular biology for example, for studying DNA
hybridization and enzyme kinetics.’"'""l A schematic of the DC FCCS setup is
shown in Figure 4.2a.

Two light beams from two lasers operating at different wavelengths, called ”blue”
and "red” for simplicity, are expanded, made collinear, and focused to a diffraction
limited spots into the dispersion of nanoparticles by achromatic microscope objective
with high numerical aperture. The created fluorescence light is collected by the same

objective and delivered to two single photon counting avalanche photo detectors

64



Experimental section 4.2

(APD) after passing a confocal pinhole, dichroic mirrors, and emission filters. In
this way, two subfemtoliter observation volumes V;, and V, are created. For an
optimal experimental arrangement they are perfectly overlapping in space (which
was proved to be the case for our setup), creating an efficient common observation
volume V;,,. When two types of fluorescent species excitable by the "blue” and the
"red” laser are independently diffusing through the common observation volume
Vir, the corresponding temporal fluctuations 0 F},(¢) and 0F,(t) of the fluorescent
signals monitored in the "blue” and "red” detection channels will be random and
not correlated. On the contrary, if double-colored species are formed and diffuse
through Vi, the fluorescence fluctuations monitored in the two channels will be

strongly correlated (see Figure 4.2b and c¢). Mathematically this can be expressed
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Figure 4.2: (a) Schematic setup of dual-color FCCS. (b) The two spatially over-
lapping observation volumes created by the ”blue” and ”red” laser
with differently labeled species diffusing either independently (left)
or linked (right). (c) Fluorescence fluctuation and the (d) corre-
sponding correlation curves in relation to b.
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by a cross-correlation function: ']

(OF,(t)0F.(t + 7))
(F5(1) (Fr(t))

The amplitude Gy, (7) of the cross correlation function is directly proportional to

Gbr<7—> =

(4.1)

the concentration of the double-labeled species which is emphasized in Figure 4.2d.
Additionally, the autocorrelation functions Gy(7) and G,(7) can be also defined
using equations analogous to eq. 4.1. By fitting these experimentally acquired
auto- and cross-correlation curves with appropriate model functions (see SI), precise
information about the average hydrodynamic radius of the nanoparticles, and the
concentration and fraction of the double-labeled particles can be obtained. The

average concentration of the double-labeled species C},, can be computed through:

 Gul(0)Vi

C’br (42)
Furthermore, the cross-correlation amplitude used in eq. 4.2 should be rectified with
a factor accounting for the channels cross-talk.!'") Further details on the FCS setup

and data evaluation are presented in the SI.

4.3. Results and Discussion

4.3.1. Solvent evaporation process from miniemulsions

Typical auto- and cross-correlation curves for the nanoparticles prepared with the
SEED process following the aforementioned procedure (Figure 4.1) are shown in
Figure 4.3. For comparison two control samples were also studied. The so called
positive control sample (denoted ”P”) was prepared by dissolving both ”colored”
polymers together in the organic solvent. Subsequent mixing with water and surfac-
tant followed by ultrasonication produced the emulsion of double-colored droplets
and double-colored nanoparticles after solvent evaporation. For the preparation of
a negative control sample (denoted "N”), the differently labeled polymers were sep-
arately dissolved and processed to two emulsions with different colors. After solvent
evaporation, the two dispersions were mixed, resulting in a dispersion containing a

mixture of pure "red” and pure "blue” PS nanoparticles. The preparation proce-
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dures of the positive and negative control sample are further illustrated in Figure

4.7a,b of the SI, respectively.

As shown in Figure 4.3a, strong cross-correlation (black squares) was observed
for the positive control sample. Its amplitude G,.(0) lies between the amplitudes
of the autocorrelation curves, G,(0) and G,(0), as expected when only dual-labeled
species are present in the studied sample. This finding is further confirmed by
the almost identical values of the concentrations and hydrodynamic radii of ”blue”,
"red”, and ”dual-colored” particles obtained from the fits of the autocorrelation
and cross-correlation curves (see Table 4.1). The negative control sample SEED-N
showed a very low level of cross-correlation (see Figure 4.3b). Using the cross-talk
rectified G, (0) value in eq. 4.2, we calculated that the concentration of dual-labeled
particles in the SEED-N sample is almost negligible (see Table 4.1).
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Figure 4.3: Normalized correlation curves (scattered symbols) and correspond-
ing fits (lines) of the DC FCCS samples prepared by solvent evap-
oration: SEED-P (a), SEED-N (b), and SEED-A (c).
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Table 4.1: Concentrations and Hydrodynamic Radii of the Nanoparticles Pre-
pared by the SEED Process Calculated from the Autocorrelation
and Cross-Correlation Curves sample channel concentration (nM)
hydrodynamic radius (nm)

sample channel  concentration (nM) hydrodynamic radius (nm)

AC red 1.70 £ 0.52 51.3+4.0
SEED-P AC blue 1.75£0.21 49.6 £ 5.8

CcC 1.71+1.19 92.5+5.2

AC red 1.94 + 0.60 46.3 £ 3.7
SEED-N AC blue 0.91£0.11 1.1 £5.7

CcC 0.03 £ 0.02 44.4+9.0

AC red 2.02+0.62 46.8 £ 3.8
SEED-A AC blue 1.11+0.13 476 £ 5.8

cC 0.23+0.16 46.5+6.9

This result also shows that no aggregation happened in the final nanoparticle
dispersion and verifies that the labeled polymers were not diffusing between the
nanoparticles across the continuous phase. The actual (non control) sample SEED-
A showed a higher degree of cross-correlation (Figure 4.3¢) than the negative con-
trol sample, indicating that small but non negligible amount of coalescence be-
tween emulsion droplets occurred throughout the SEED process. Theoretically,
one step of coalescence in a system with two differently colored droplets with the
same initial concentration would lead to a concentration of dual-colored droplets C},,
(and therefore nanoparticles) equal to half of the total concentration of droplets Cj
(Cy = C; + (). Because in our case Ch, is much below C; (Table 4.1), the results
clearly indicate that there is an average of less than two initial droplets forming one

final nanoparticle.

4.3.2. Miniemulsion polymerization

As a second example, we examined the occurrence of coalescence during the syn-
thesis of polystyrene nanoparticles by radical polymerization in miniemulsion with
an approach similar to the aforementioned one. Small amounts of the ”"blue” and
"red” labeled polystyrene also used for the investigations on the SEED process were

dissolved in the styrene monomer to label the miniemulsion consisting in styrene
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droplets dispersed in water. The positive control, negative control, and actual sam-
ples were prepared and studied by FCCS. The normalized autocorrelation curves
and the corresponding fits are shown in Figure 4.5 of the SI, whereas the calculated
values for the concentrations and hydrodynamic radii of "blue”, "red”, and ”dual-
colored” species are summarized in Table 4.2. The autocorrelation curves could be
appropriately fitted utilizing eq. 4.4 with a two-component decay (i = 2). The first
component reflects the particles (R, > 60 nm) and the second, much smaller species
(Rp < 5 nm) that are probably single or small aggregates of labeled polymer chains,
given that there was no detectable nonpolymerized dye before the polymerizations
(see SI). The amount of small species was significantly reduced by centrifugation.
However, a small quantity still remained in the dispersions. Although the solubility
of the labeled polymer is very low, some chains might be dissolved in the continuous
phase. This hypothesis is supported by the fact that the measured fraction of small
species f; for the red dye (4 %) was lower than f; for the blue dye (8 %), which
can be correlated with the lower hydrophilicity of the red dye compared to the blue
dye. Furthermore, as f; is proportional to both the number concentration and the
squared molecular brightness of the particular observed species (eq. 4.4),1'l the ab-
solute quantitative evaluation of their concentrations becomes more complex. The
positive control sample MEP-P (Figure 4.5a) exhibited significant cross-correlation.
Since the cross-correlation curve exclusively represents the dual-colored nanopar-
ticles whereas the autocorrelation curves also show contributions from the small
single-colored species, the value of the cross-correlation amplitude Gy,(0) is slightly
lower than the "ideal” one which should lie between G, (0) and G,(0) as described
above. In contrast the negative control sample MEP-N (Figure 4.5b) showed only a
very low amount of cross-correlation arising from the positive cross-talk of the FCS
setup and from a low number of dual-colored nanoparticles aggregates most likely
formed during the centrifugation. The actual sample MEP-A (Figure 4.5¢) and the
negative control sample MEP-N (Figure 4.5b) displayed a similar behavior, which
indicates that the coalescence of droplets does not occur significantly during the
miniemulsion polymerization of styrene. This observation is consistent with previ-
ous small-angle neutron scattering (SANS) measurements on droplets of deuterated

styrene before and after polymerization that showed identical sizes.['"”!
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4.3.3. Interfacial polycondensation to inorganic nanocapsules

As a final example, the formation of silica nanocapsules by interfacial polycondensa-
tion of alkoxysilanes was investigated. For this purpose small amounts of the ”blue”
and "red” labeled PS described above were dissolved in a mixture of tetraethyl
orthosilicate (TEOS), toluene, and hexadecane.!'”") After mixing with an aqueous
solution of surfactant and ultrasonication, TEOS underwent hydrolysis and conden-
sation, yielding silica nanocapsules.!'””) The normalized correlation curves for the

measured and control samples and their fits are shown in
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Figure 4.4: Correlation curves (scattered symbols) and corresponding fits
(lines) of the DC FCCS samples prepared by interfacial polycon-
densation: PC-A (a), PC-N (b), and PC-A (c).

Figure 4.4, while the obtained data are summarized in Table 4.3. As in the
miniemulsion polymerization two-component fits were required to appropriately rep-
resent the autocorrelation curves with the model eq. 4.4. The first component cor-

responds to the nanocapsules (R, > 49 nm) and the second to a smaller species
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(Rp < 3.5 nm), which are the aforementioned single labeled polymer chains or their
aggregates. Centrifugation of the samples to reduce the quantity of small species
was not feasible since it caused aggregation of the nanocapsules. As expected, the
positive control sample PC-P and the negative control sample PC-N displayed a
high and negligible amount of the correlation curves for the actual and the positive
control sample PC-A (Figure 4.4c and a) are very similar. This clearly demonstrates
that coalescence between droplets of nonfully reacted alkoxysilanes occurred during
the preparation of the nanocapsules and yielded dual-colored species. This obser-
vation explains the relatively large size distribution of similar silica nanocapsules

measured by dynamic light scattering (DLS).['""]

4.4. Conclusion

In conclusion, we demonstrated that DC FCCS is a fast and versatile tool to study
and quantify the coalescence of nanodroplets in emulsions or the aggregation of
nanoparticles in suspensions. DC FCCS was applied to study three different proce-
dures for the preparation of organic or inorganic nanoparticles. Depending on the
process, large or low levels of coalescence could be detected. Our results unambigu-
ously showed that coalescence did not play an important role in the preparation of
polystyrene nanoparticles by emulsion-solvent evaporation process and miniemul-
sion polymerization. However, coalescence was a major factor during the formation

of inorganic silica nanocapsules by interfacial polycondensation of alkoxysilanes.
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4.5. Supporting Information

4.5.1. Additional data from DC FCCS experiments
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Figure 4.5: Correlation curves (scattered symbols) and corresponding fits

(lines) of the DC FCCS samples prepared by miniemulsion poly-
merization MEP-P (a), MEP-N (b) and MEP-A (c).
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Table 4.2: DC FCCS results of the samples obtained from miniemulsion poly-
merization (MEP). The concentrations and the hydrodynamic radii
calculated from the autocorrelation curves are shown in contrast to
the cross-correlation between the different channels.

sample channel apparent concentration fractions  hydrodynamic radius (nm)
(nM)
AC red 0.54 +£0.08 0.96 + 0.02 82.9+6.4
0.04 +£0.01 0.4+0.5
MEP-P AC blue 0.45 + 0.06 0.93 £ 0.01 86.4 + 10.7
0.07 +£0.01 1.5+15
CC 0.38 £0.18 1 94.2 +£10.7
AC red 0.33 £0.05 0.96 +0.02 88.8 +6.9
0.04 £ 0.01 2.1+1.5
MEP-NAC blue 0.64 +0.09 0.80 +0.07 71.3 £8.8
0.20 £+ 0.02 54+1.5
CC 0.09 +£0.04 1 75.44+9.9
AC red 0.95 4+ 0.01 76.4 +£5.7
0.05 +£0.01 1.1+£0.7
MEP-AAC blue 0.18 £ 0.02 0.82 £ 0.02 63.4 £ 8.0
0.18 £0.01 4.5+1.1
CC 0.04 +£0.02 1 84.3 £10.6
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Table 4.3: DC FCCS results of the samples obtained by polycondensation of

alkoxysilanes. The concentrations and the hydrodynamic radii cal-
culated from the autocorrelation curves are shown in contrast to
the cross-correlation between the different channels.

sample channel apparent concentration fractions  hydrodynamic radius (nm)
(nM)
AC red 2.90 £0.35 0.95 £+ 0.01 63.6 +4.4
0.05 +£0.01 0.49+£0.1
PC-P AC blue 8.07 + 1.05 0.88 £0.02 57.6 £10.7
0.12+£0.01 3.1+1.2
CC 3.73£1.59 1 67.5+6.6
AC red 2.39+£0.32 0.93 £+ 0.02 49.4+44
0.07 +£0.02 0.5+0.5
PC-N AC blue 4.19 £ 0.55 0.92 + 0.02 51.4+6.9
0.08 £0.01 3.2+2.6
CC 0.28 £0.12 1 42.6 £ 6.4
AC red 1.29+0.16 0.96 +£0.01 65.5 5.4
0.04 £0.01 09+1.1
PC-A AC blue 6.324+0.85 0.88 £0.01 50.7 £ 6.1
0.12+£0.01 1.7+ 0.8
CC 1.82+0.79 1 69.1+7.5
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4.5.2. Materials and Synthesis

Materials

Sodium dodecyl sulfate (SDS, Alfa Aesar, 99%), cetyltrimethylammonium chlo-
ride (CTMA-CI, Acros, 99%), toluene (Sigma Aldrich, 99.7%), tetrahydrofuran
(THF, Sigma Aldrich, 99.9%), methanol (Fluka, 99.99%), dichloromethane (Fluka,
99.99%), chloroform (Acros, 99%), tetraethyl orthosilicate (TEOS, Alfa Aesar, 98%),
V59 (Wako) and hexadecane (HD, Merck, 99%) were used as received. Styrene
(Merck, 99%) was purified using a column packed with neutral aluminum oxide
(Merck) before use. The initiator 2,2’-Azobis(2-methylpropionitrile) (AIBN, Fluka,
98%) was recrystallized from methanol prior to use. The synthesis of the dyes
B504-MA and B612-MA (Figure 4.6) was based on syntheses reported in the liter-

ature.!»"") Distilled water was used throughout the work.

a))ﬁfolo b) )ﬁo(o\ko

Figure 4.6: The polymerizable dyes B504-MA (a) and B612-MA (b) were used
to label polystyrene chains for DC FCCS experiments.

Synthesis of labeled polymers

Copolymers of styrene and the dyes B504-MA or B612-MA were prepared by rad-
ical polymerization in solution. 12.5 mg AIBN, 7 mg of one dye and 2.5 g styrene
were dissolved in 20 g THEF. The solution was degassed 3 times by the freeze-thaw-

technique and the polymerization was carried out at 80 °C in an oil bath for 40 h.
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The copolymer was precipitated into 200 mL of a water: methanol mixture (20:80)
and filtered. The solid copolymer was dissolved in 15 mL THF and reprecipitated 3
times to remove any unreacted dye and monomer. Afterwards, the copolymer was
dried in vacuo. The copolymers of styrene and B504-MA or styrene and B612-MA
were named PS-504 and PS-612, respectively. The apparent molecular weight of the
copolymers PS-504 and PS-612 were measured to be 44,700 (PDI = 1.9) and 29,000
g-mol™! (PDI = 2.2), respectively, as determined by GPC (Figure 4.9). Absorption
and emission measurement of the dyes and of the polymers showed that there is
no loss of fluorescence of the dyes after their copolymerization (Figure 4.10). The
degree of labeling was 0.36 wt.% for PS-504 and 0.15 wt.% for PS-612 (Figure 4.11).
No free dye was detectable in both polymers after the repeated reprecipitation (Fig-
ure 4.12) as verified by HPLC.

Preparation of the nanoparticles by solvent evaporation

100 mg of polymer (PS-504, PS-612) was dissolved in 2.5 g CHCl3 and added to
20 g of an aqueous solution of SDS (1 g-L™!'). A macroemulsion was obtained by
stirring the mixture at 1250 rpm for 1 h. The macroemulsion was sonicated using
a Branson W450-D sonifier with a 1/2”-tip at 70% amplitude in a pulsed regime
(30 s sonication, 10 s pause) under ice-cooling. The obtained emulsions were then
either directly treated (see preparation of samples for DC FCCS) or transferred in
a 50 mL reaction flask and stirred at 500 rpm and 40 °C for 12 h. In the case of a
further treatment, the emulsions were transferred to the reaction flask directly after
the treatment. For the positive control sample, 50 mg of each polymer was used. A
schematic of the preparation of the samples is shown in Figure 4.7. This figure is

representative for all three kinds of nanoparticle/ nanocapsules preparation routines.
Preparation of the nanoparticles by miniemulsion polymerization

To synthesize nanoparticles by direct miniemulsion polymerization, 1.6 mg V59,
4 mg hexadecane and 995 mg styrene were added to 5 mg of PS-504 or PS612 to
build the dispersed phase. A solution of 2 mg SDS in 20 g of water was subse-

quently added to the monomer solution. The mixture was emulsified for one hour
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at 1250 rpm and submitted to ultrasonication for 2 min at 90% amplitude under
ice-cooling. Afterwards, the polymerization was carried out in a closed 50 mL round
bottom flask at 72 °C for 16 h under stirring. For the positive control sample, 2.5

mg of each polymer was used.
Preparation of the nanocapsules by polycondensation of alkoxysilanes

To synthesize nanoparticles by the interfacial reaction of TEOS, 5 mg of PS-
504 or PS612 were dissolved in 1 g TEOS, 62.6 mg hexadecane and 500 mg toluene.
Subsequently, a solution of 11.5 mg CTMA-Cl in 15 g water was added. The mixture
was preemulsified for 5 min at 1000 rpm and subjected to ultrasonication for 2 min
at 70% amplitude under ice-cooling in a pulse / pause regime of 30 s and 10 s.
Afterwards, the polymerization was carried out at room temperature by stirring the
miniemulsion at 1000 rpm in a closed vial for 48 h. For the positive control sample,

2.5 mg of each polymer was used.

4.5.3. Methods

Fluorescence correlation spectroscopy

DC FCCS measurements were conducted with a commercially available inverted
microscope Olympus IX70 combined with a FluoView300 confocal laser scanning
setup (Olympus), and a PicoQuant FCS upgrade comprising two separate single
photon counting avalanche photodiodes 7-SPAD (PicoQuant). An Olympus UP-
LSAPO 60XW 60x/1.2 water immersion objective was used. The utilized dyes
were excited either with an argon-ion laser at A = 488 nm or a heliumneon laser
at A = 633 nm. To separate the fluorescence of the different dyes into different
channels a dichroic mirror combined with a 500-550 nm band pass and 635 nm
long pass emission filters (Semrock) were used. To obtain the size and shape of
the observation volumes, reference measurements were conducted using dyes which
are appropriately excitable with the utilized lasers and with well-known diffusion
coefficients, in our case Alexa Fluor 488® and Alexa Fluor 647® (Invitrogen), re-
spectively.['”"] Throughout all measurements, an eight-well, polystyrene chambered

cover glass (Nalge Nunc International) was used as sample cell. In FCS, an auto-
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Figure 4.7: Sketch of the preparation of (a) positive, (b) negative and (c) actual
sample representative for all three preparation routines.

correlation function can be derived from the measured temporal fluctuations of the

fluorescence intensity 0 F'(¢):

(0F(t)0F(t+ 1))

Cn)=F0p

(4.3)

For an ensemble of m types of freely diffusing species the autocorrelation function

has following analytic form:

e Zr:; N (1 + i>fi 1+ o Y
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where N is the average number of chromophores in the observation volume V/,
7p its lateral diffusion time through V', f; the fraction of species i (0 < i < 1)
and S is the ratio of axial to lateral dimension of V' (S ~ 6 in our experiments).
By knowing the size of the observation volume from reference measurements with
dyes with known diffusion coefficient (Alexa Fluor 488 and Alexa Fluor 647 in this
work) the absolute concentration of chromophores C' can be calculated by C' = N/V.
Furthermore the diffusion coefficient can be obtained from the relation D = (rg +
R?)/4mp where 1y is the lateral dimension of V and the R}, the hydrodynamic radius
which can be calculated from the Stokes-Einstein-relationship. "]

For the dual color fluorescence cross-correlation spectroscopy studies additional
reference measurements with a sample containing only the "blue” dye were con-
ducted to obtain the amount of positive cross-talk. In our experimental conditions
a bleed-through factor of 0.021 was found which means that 2.1% of the fluorescence
of the ”blue” dye is detected in the "red” cannel. All cross-correlation amplitudes

where rectified therefrom as described in the literature. ']

Gel permeation chromatography was used to estimate the average molecular weights
of the polymers and their polydispersity index. The dried polymers were dissolved
in THF at a concentration of 5 mg - mL™" and filtered through a 0.45 um Teflon
filter. An elution rate of 1.0 mL - min~" and both UV- (254 nm) and RI-detectors
were used. The apparent molecular weights of the polymers were calculated using

polystyrene standards.

HPLC measurements were conducted both on PS-504 and PS-612 before and af-
ter repeated precipitation in order to ascertain the purity of the polymer and the
absence of free dye. HPLC measurements were performed with a gradient of THF
+ 0.1% TFA in water starting from a ratio of 60 to 40 up to 100 to 0 in 5 min. The
flow was 1 mL-min~' employing a reversed phase AB Cjg-column (Macherey-Nagel)
on a 1200 HPLC from Agilent Technologies. For detection, a DAD-Detector at a
wavelength of 500 nm for PS-504 and at 600 nm for PS-612 was used. The measure-
ments were performed with a gradient of THF and water starting from a ratio of 50
to 50 up to 100 to 0 in 10 min. The flow was 1 mL-min~! employing a RP8e-column
(Merck) on a 1200 HPLC from Agilent Technologies. Absorption and fluorescence

emission spectroscopy on the dyes and the polymers was done on a Tecan Plate
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Reader Infinite M1000 in THF solutions at concentrations of 0.1 mg - mL™! and 1
mg - mL ™!, respectively. For the quantification of labeling, the fluorescence emission
of a concentration series of both dyes was run. Obtained intensities were corrected

for background and solvent.

For electron microscopy, 10 uLi of the dispersions of the nanoparticles or nanocap-
sules were diluted with 1 mL of distilled water. Droplets of 3.5 uL. were then placed
on small silica platelets for scanning electron microscopy (nanoparticles) and on
copper-grids for TEM-measurements (nanocapsules). Both types of samples were
sputtered with carbon on a BALZERS BAE250 for 5 s to prevent beam damage in
the transmission and scanning electron microscopes. TEM observations were carried
out on a JEOL 1400 at a voltage of 120 kV and images were taken with a GATAN
Ultrascan 1000 CCD-camera. SEM-images were taken on a Zeiss 1530 Gemini Leo

at varying voltages.

Figure 4.8: SEM micrographs of polystyrene nanoparticles prepared by: (a)
the SEED process and (b) miniemulsion polymerization. (c):
TEM-micrograph of silica nanocapsules.
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4.5.4. Characterization data
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Figure 4.9: GPC traces of PS-504 (a) and PS-612 (b).
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81



4

FCS directly monitors coalescence during nanoparticle preparation

|/a.u.

0,84

0,64

0,4+

0,24

0,04

m  Data
— Fit

y=a+bx

a=0.00427 5 0.00525

b = (0.14834 5 0.00273) mL/ug
R?=0.9973

T T

2 4 6 8 10
c / yg/mL

B504-MA

1 /a.u.

0,84

0,6

0,4

0,24

0,04

m  Data
Fit

y=a+bx
a=0.00579  0.00517

b = (0.10087 © 0.00142) mL/ug
R’ =0.99823

2 4 6 8 10
C / pg/mL

B612-MA

Figure 4.11: Plots for the quantification by fluorescence intensity measure-
ments of the fluorescent labeling of the polymers PS-504 (a) and
PS-612 (b). For a), the highest concentration of B504- MA was
not included into the fit due to apparent self-quenching of the flu-
orescence. The intensities of PS-504 and PS-612 in a 1 mg - mL™!
solution in THF were 0.5371 and 0.1524, respectively, thereby
being located in the linear region of both fits.

a)

1/a.u.

60

50

40-

30

20

104

—PS-504
reprecipitated PS-504
8
6
S 4
2e
o}
2972022 24 26 28 30
t/min
A J

t/ min

b)

I/a.u.

154

104

—— PS-612 ‘
— reprecipitated PS-612

10 15 20 25 30 35
t/ min

g

t/ min

Figure 4.12: HPLC chromatograms for PS-504 (a) and PS-612 (b). Both inlays
show that there is no free dye after repeated reprecipitation of

82

the copolymers.



Acknowledgment 4.6

4.6. Acknowledgment

We would like to thank Niklas Kotmann for helping with the quantification of
copolymerized dyes. Sandra Seywald and Beate Miiller are acknowledged for the
GPC characterization and the HPLC measurements, respectively. R.H.S. gratefully
acknowledges financial support by the Fonds der Chemische Industrie (FCI).

83






5. Particle Formation in the
Emulsion-Solvent Evaporation

Process

The mechanism of particle formation from submicrometer emulsion droplets by
solvent evaporation is revisited. A combination of dynamic light scattering, flu-
orescence resonance energy transfer, zeta potential measurements, and fluorescence
cross-correlation spectroscopy is used to analyze the colloids during the evaporation
process. It is shown that a combination of different methods yields reliable and
quantitative data for describing the fate of the droplets during the process. The
results indicate that coalescence plays a minor role during the process; the rela-
tively large size distribution of the obtained polymer colloids can be explained by

the droplet distribution after their formation.
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5.1. Introduction

Dispersions of nanoparticles are prepared either by heterophase polymerization, such
as emulsion!' ") or miniemulsion polymerization,!'”>'°" or by other processes that
employ presynthesized polymers.["””) Among the latter processes, the preparation of
nanoparticles by the so-called Ouzo effect and by solvent evaporation from emulsion
droplets are probably the most studied techniques due to their versatility.’"”) The
Ouzo effect, also called nanoprecipitation or the solvent displacement technique,
is based on the supersaturation and nucleation of oil droplets in water caused by
the addition of water to a solution of oil.[""] The Ouzo effect is observed in the
metastable region of the phase diagram between the spinodal and binodal curves.
This method has been successfully applied to the preparation of nanoparticles of
various polymers."">?"’l Generally, the formation of particles is spontaneous. For
particular polymers with strong hydrogen bonding, such as polyamide 6, high shear-

ing devices are required.”"’]

In contrast to the Ouzo effect, in which droplets are created by liquid-liquid nu-
cleation, the preparation of polymer nanoparticles by the so-called emulsion-solvent
evaporation technique is based on liquid-solid nucleation in confined environments
caused by the evaporation of a solvent. We abbreviate this process as SEED, for
solvent evaporation from emulsion droplets. From a practical point of view, presyn-
thesized polymers are dissolved in a good solvent and emulsified with a stabilizer, "]
thereby forming a polymeric emulsion. The solvent is then evaporated through the
continuous aqueous phase and the polymer precipitates to yield the particles. The
major advantage of the SEED process is the absence of impurities, such as toxic
residual monomer, unreacted transfer agent, or catalyst, in the final colloids, which
is important for applications in pharmacy or electronics. Therefore, the SEED
process has been used extensively for the preparation of biodegradable micropar-
ticles,"”! for unconventional nanoparticles from semiconducting polymers”’? or
from semicrystalline polymers,’’ and for redox-responsive nanocapsules.”] The
nanoparticles can be further compartmentalized!'“”! by introducing a nonsolvent for
the polymer in the dispersed phase,!'"*"l by employing block copolymers for mi-
crophase separation in the particles,?>*"**"? or both simultaneously.”” However,
the size distribution of the colloids obtained by the SEED process is large com-
pared to the particles prepared by heterophase polymerization. Therefore, a deep
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understanding of the mechanism of nanoparticle formation is needed to gain better
control over the SEED process and the final particle properties. Indeed, the size
and size distribution of the nanoparticles are dependent on many effects and pa-
rameters, for which each contribution cannot be easily isolated. For example, the
temperature alone influences the evaporation speed of the solvent, the viscosity of
the dispersed and continuous phases, the solubility of the different chemicals, the
different interfacial tensions of the system, and the coefficient of diffusion of the

droplets.

The coalescence between nanodroplets is another important effect that may strongly
influence the polydispersity of the final nanoparticles. For example, the occurrence
of coalescence during the formation of ethyl cellulose (EC) and poly(lactic acid)
(PLA) nanoparticles by the SEED process was investigated by dynamic light scat-
tering (DLS).!"” In this work, the aggregation ratio A was defined as the average
number of droplets necessary to form one polymer nanoparticle. A was evaluated by
measuring the average droplet and particle sizes by DLS with the following formula:

__ mMmp/Np P

= = 5.1
P /Drop c <DDr0p ) 3 ( )
DNP

Here, mp,np is the mass of the polymer in the particles, mp/pop the mass of the
polymer in the droplets, p the density of the polymer in the nanoparticles, ¢ the
concentration of the polymer in the dispersed phase, Dp,,p, the average diameter of
the nanodroplets, and Dyp the average diameter of the nanoparticles. Values of A
between 9 and 32 were reported for EC nanoparticles depending on the viscosity of
the dispersed phase, whereas an A value of 4 for PLA was found to be independent
of the viscosity.[” On this basis, together with zeta potential measurements, the
authors proposed that coalescence was significant in the case of EC and negligible
for PLA. Loxley and Vincent assumed that coalescence of droplets was responsible
for the broad size distribution of poly(methyl methacrylate) microcapsules prepared
by the SEED process.”'’] Fryd and Mason studied the decrease of the average hy-
drodynamic diameters of emulsion droplets upon the SEED process with DLS.[*]
They found a quadratic relationship between droplet shrinkage per time unit and
the volume fraction of highmolecular- weight oil. Although in some of the previous

studies coalescence was assumed to occur during the SEED process, it was never
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evidenced by direct methods.

Herein, we aim to unravel the mechanism of formation of nanoparticles produced
by the SEED process. This is of critical importance for optimizing the properties
of the produced nanoparticles. We pay particular attention to possible droplet co-
alescence, because it may strongly affect the final size distribution. The occurrence
of coalescence was studied with both direct and indirect methods. Indirect mea-
surements were carried out by monitoring the droplet size by DLS or the droplet
concentration by fluorescence correlation spectroscopy (FCS) during the SEED pro-
cess. On the other hand, direct measurements relied on the concomitant presence
of two differently labeled polymer chains in the same particles, which was verified
by fluorescence resonance energy transfer (FRET) and dual-color fluorescence cross-

correlation spectroscopy (DC FCCS).

5.2. Results and Discussion

5.2.1. Tentative Monitoring of the SEED Process by DLS and

Zeta Potential Measurements

The average coefficients of diffusion of the droplets and their tentative conversion
to hydrodynamic diameters were estimated by DLS directly after ultrasonication
in 30 min steps. The measurements were used to calculate the aggregation ratio
A proportional to the ratio of initial droplet diameter D Drop to the final particle
diameter Dyp.!"”) The calculation requires knowing the values of the concentration
¢ of the polymer in the dispersed phase and the true density p of the polymer
nanoparticles. The density of the polymer nanoparticles was assumed to be iden-
tical to the density of the polymer in bulk. This assumption is usually correct for
particles without pores and was verified by other groups with gradient ultracentrifu-
gation”'"l and small-angle neutron scattering.”” In our case, the same assumption
was made given the fact that we could not detect porous particles by transmission
electron microscopy or scanning electron microscopy (SEM) measurements. The
measured hydrodynamic diameter in dependence on the evaporation time ¢ is shown
in Figure 5.1 a for a polystyrene (PS)/chloroform-in-water miniemulsion. The first

measurement (¢ = 0) was performed directly after ultrasonication and was taken
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as an estimation of the initial droplet diameter. As expected, a decrease of the
diameter with time was observed until a plateau was reached after 3 h, similarly
to results shown by others.!””) After several days, the nanoparticles still displayed
the same diameter and therefore this value was taken as the final diameter of the
nanoparticles. The A value [Eq. 5.1] for the measured system was calculated to be
about 14, which indicated that on average 14 droplets merged to create one particle.
This is to be compared with reported A values of 32 and 4 for EC nanoparticles and
PLA nanoparticles, respectively. [’

The concentration c is dependent on the amount of solvent left in the system after
ultrasonication. We noticed that although the ultrasonication was performed under
ice cooling, some chloroform was evaporated before ¢ = 0 during the sonication step.
The amount of chloroform in the emulsion after ultrasonication was determined by
distillation. Only 1.4 g of chloroform was recovered out of the 2.5 g chloroform
initially added. The corrected aggregation number was then refined to Ao ~ 8
instead of A ~ 14 previously calculated.

One also needs to take into account that emulsions or suspensions measured by
DLS are usually diluted prior to the measurements. It is hence important to as-
certain that there is no influence of the diluent and the dilution on the measured
diameters. Prepared polymeric emulsions of PS were diluted not only with water
saturated with different solvents, such as chloroform (sample Dil-1), toluene (sam-
ple Dil-2), and dichloromethane (sample Dil-3), but also with aqueous solution of
surfactant, and aqueous solution of surfactant saturated with the different solvents.
The polymeric emulsions were diluted at different concentrations with the different
diluents and the hydrodynamic diameter was measured (Figure 5.2). Three main
trends can be recognized for each graph. Firstly, the samples diluted with solvent-
saturated water displayed a significantly larger diameter than the samples diluted
with pure water or aqueous solution of sodium dodecyl sulfate (SDS). Secondly, the
hydrodynamic radii for the samples diluted with solvent-saturated water became
smaller as the dilution was decreased, that is, high dilutions yielded larger parti-
cles than low dilutions with solvent-saturated water. Thirdly, the samples diluted
with water or with an aqueous solution of SDS displayed a roughly constant diam-
eter. The presence of species with lower coefficient of diffusion upon diluting with
solvent-saturated water was attributed to the swelling of the polymeric droplets.

The interpretation of the results is delicate as the dilution can involve contradictory
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effects for which even a qualitative prediction is difficult to estimate. For instance,
the dilution with water also dilutes the surfactant but allows a larger diffusion of
the solvent in the continuous phase. A significant contribution of the dilution to the
DLS results was also reported by Goddeeris et al.l’'”] They found that factors as
diverse as droplet shape, droplet size distribution, angle of the incident laser beam,
and the potential presence of surfactant micelles all influence the measurement.
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Figure 5.1: a) Hydrodynamic diameters of chloroform droplets containing PS
versus time during the SEED process. The lines are meant to guide
the eye. b) Zeta potential as a function of time of evaporation
(sample Time-1) after ultrasonication.

In addition, the hydrodynamic boundary condition may introduce an uncertainty.
The hydrodynamic radius of a droplet or a nanoparticle is calculated from the aver-
age coeflicient of diffusion of the colloids by the Stokes-Einstein equation. The valid-
ity of this relationship for emulsions is assumed in most reports. ***>**] Hadamard "'l
and Rybezynskil’'” introduced a viscosity-dependent boundary condition for de-
scribing a droplet in another liquid. Under full slip conditions (gas bubble), a 50 %
higher velocity is obtained compared to the velocity under no slip conditions (solid
sphere). Although these studies are related to gravity-induced and friction-retarded
velocities, they may be considered in polymeric emulsions. If partial slip appears,
the droplet’s size would be underestimated compared to the size of a hard sphere and
would result in an overestimated A value. Furthermore, the surface of the droplet is
covered with the surfactant, thus resulting in a retardation of the droplet’s motion
by introduction of a surface tension gradient.”’*) This effect has been observed in

several studies,”'” ") with all results pointing to the occurrence of no slip once
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the surface of the droplet is covered by surfactant.

However, a specific view on

nanometer- sized droplets as well as the consideration of random Brownian motion

is still missing. Additionally, the droplets in this study are not completely covered

by surfactant due to the low surfactant concentration; thus, partial slip and there-

fore a higher diffusion coefficient and a resulting smaller diameter may be obtained

by tacitly assuming the utter validity of the Stokes-Einstein equation. In conclusion,

there are too many conflicting factors, mainly diluent and theoretical considerations,

to build a model for particle formation with DLS results as the sole basis under the

reported experimental conditions.
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Figure 5.2: The hydrodynamic diameter of polymeric emulsions is highly de-

pendent on dilution and diluents:

a) CHCl3, sample Dil-1; b)

toluene, sample Dil-2; ¢) CH2Cl;, sample Dil-3).

The zeta potential of the PS polymeric emulsions was measured directly after son-

ication and in 30 min steps during the SEED process. As shown in Figure 5.1b, the

zeta potential did not change significantly with respect to the experimental error.
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Previous studies have demonstrated that the zeta potential could either decrease
or increase/stagnate during the SEED process and the latter phenomenon was in-
terpreted as a consequence of coalescence.!’” Indeed, the change of zeta potential
was viewed as a temporary depletion of SDS at the droplets’ surface induced by the
coalescing droplets. However, as for DLS measurements, dilution was necessary to
perform the zeta potential measurements and therefore the partition of the surfac-
tant as adsorbed species on the particles’ surface or molecularly dissolved species
were not the same for undiluted and diluted samples. Therefore, we tend to view the
zeta-potential measurements to be as biased as the DLS measurements under the
reported experimental conditions, because the influence of dilution is too significant

to draw conclusions from these results.

5.2.2. Estimation of Nanoparticle Concentration by FCS

FCS can deliver information about the number of fluorescent diffusing species in a
specific volume and thereby about the concentration of fluorescently labeled species.
2272241 Almost no change of the concentration of fluorescent species was detected in
the 240 min after sonication (Figure 5.3a), thus indicating that coalescence did not
occur at a significant level. This observation was confirmed by measurements of the
average particle brightness (SI), which should increase upon coalescence but did not

vary significantly with time (Figure 5.3b). In principle, the hydrodynamic radii of
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Figure 5.3: Temporal evolution of the concentration c¢ of droplets or parti-
cles in the observation volume (a) and the photon counts per
droplet/particle (b).
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fluorescent species can also be extracted from the coefficient of diffusion measured by
FCS. However, since diluting to a nanomolar concentration is required for a proper
use of FCS,!'™*?l the same problems as for DLS were observed while diluting the

system (data not shown), that is, the results were dependent on dilution.

5.2.3. Direct Determination of Coalescence by FRET and DC
FCCS

In principle, the occurrence of coalescence can be detected by the demonstration of
the coexistence of two labeled species in the same particle when starting with sep-
arately labeled droplets. In the case of FRET measurements, the coexistence can
be detected by a change of fluorescence decay of a donor fluorophore. Therefore,
polystyrene chains were labeled separately with two dyes (FRET donor and FRET
acceptor), which have already been used for FRET measurements.*”%**"l Positive
(FRET-P) and negative (FRET-N) samples were obtained (Figure 5.4) by preparing
particles from emulsions with the two labeled polymers in the same droplets and
by mixing separately labeled dispersions of polymer particles, respectively. As ex-
pected, the positive control sample shows a fast decay of donor fluorescence, that is,
a short lifetime, whereas the decay for the negative control sample was much slower
(Figure 5.5). The actual sample (FRET-A) shows a behavior very close to that of
the negative control sample (Figure 5.5). To obtain more quantitative information
we determined the donor fluorescence decay curves for several possible scenarios
by measuring defined mixtures of the FRET-P and FRET-N. Decay 2 represents
a possible situation when 80 % of all droplets coalesce but the process stops after
coalescence of two droplets. If a larger number of droplets took part in the forma-
tion of a final "super droplet”, the expected decay of FRET-A would become even
shorter. Decay 4 (Figure 5.5) corresponds to a situation when approximately 20 %
of all droplets coalesce in a binary manner. Thus, the real decay of FRET-A reveals
that only a very small fraction of all droplets is involved in coalescence. In gen-
eral, the energy transfer occurs over short distances only, because the Forster radius
for the 9-vinylphenanthrene (VPA)-[1-(4-nitrophenyl)-2-pyrrolidinmethyl] acrylate
(NPP) donor-acceptor pair is Ry = (2.47 & 0.03) nm.**"] Therefore, even if two
droplets coalesce, it is possible that the two differently labeled polymers are not

mixed intimately and therefore the FRET measurements only indicate that the two
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fluorescently labeled species are not spatially close to each other.

3 - C >
e
Positive Control Sample
7 l Stirri
_w |r:|ng \&.% Solvent
\[/ . ' |uitrasonication [ 74 = ¥ * | Evaporation %’#
EEE—— —
N~ T é{ é : i iE
3 Y -
e e’
/'/\. /i/ Stlr:mg ' Ji’é« Solvent
\l. ,/H/ T/ Ultrasonication| "/ » < Evaporation *’#
' )
/pj\ 1 .-\?9\/' 1 &:’: Water
I I Solvent
O — — i Surfactant
e e
Polymer A
A sim q
'//\ < |r:|ng 1 .\}2({‘ Solvent
T ./_./. ‘./ Ultrasonication | ¢ * © Evaporation .’:% (/) ) Polymer B
N 1 . ——
a -

S ‘ ‘oo

Solvent L.

lEvaporation l Mixing

I C_____J Negative Control Sample
Actual Sample .

Figure 5.4: Scheme of the preparation of the samples for both DC-FCCS and
FRET investigations. The colors represent two different polymers

or two differently labeled polymers.
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On the other hand, DC FCCS retrieves information on the possible coexistence
of two differently labeled polymers in the same nanoparticle or droplet even if they
are spatially separated.!”") That is why we used DC FCCS to investigate further the
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process of droplet coalescence by studying a positive control, a negative control, and
an actual sample prepared in a way similar to that used in the FRET experiments.
The experimentally measured correlation curves and their fits with Equation 5.6 are
shown in Figure 5.6 . The results of the fits are listed in Table 5.2 (SI). The positive
control sample FCCS-1-P showed the expected strong cross-correlation, that is, a
large value of G12(0) (see Figure 5.6a). The almost identical values (Table 5.2) for
the concentration of the blue-, red-, and double-labeled nanoparticles obtained from
the fits of the two autocorrelation and the cross-correlation curves indicate that
all nanoparticles in this sample contain both blue- and red-labeled polymers. This
finding is further supported by the values of the corresponding hydrodynamic radii
(Table 5.2), which were also found to be the same in the range of the computational
errors. The negative control sample FCCS-1-N revealed a very low amplitude of
crosscorrelation (Figure 5.6b). Furthermore, when the cross-correlation function was
corrected by taking cross-talk into account, its amplitude turned almost to one. The
computed concentration of double-labeled particles C}5 in Table 5.2 was negligible.
The sample FCCS-1-A displayed a non negligible magnitude of cross-correlation
even after the correction from cross-talk (Figure 5.6¢). The computed concentration
(12 also indicates that some coalescence occurred during the solvent evaporation
process. The fraction of the blue-red particles fiuerea can be estimated as fijuered =
Cee/ (Cred + Cblue — Cbluered) © 100% = 8.0 + 6.3%, with cpuerea the concentration of

double-labeled species detected by cross-correlation; 8% is a small fraction.

To better quantify the extent of coalescence, we derived a simple model based on
the following assumptions:
a) Initially, the concentration of double-labeled species is zero.
b) The probability of coalescence between the same and/or different colored droplets
is equal.
c¢) In each step i + 1 of coalescence, all the droplets created in the previous step i
coalesce in a binary manner to form new droplets.
d) The number of droplets approaches infinity. Taking these assumptions into consid-
eration, it is possible to calculate the relative fraction of double-labeled droplets/particles

foluerea after a particular coalescence ”step” ¢ from:

. Cre +c ue 2 Cfei - CZiue
Joluered (1) = {6t (Cbld)—FCbl )(211 e -100% (5.2)
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Figure 5.5: Fluorescence decay of the positive (FRET-P), negative (FRETN),
and actual (FRET-A) samples, and different mixtures of FRET-P
and FRET-A with different ratios.

Here, ¢, (k = blue or red) is the concentration of the differently labeled particles.
This model shows that already after a few steps almost all droplets should be du-
ally labeled. The expected relative amount of double-labeled particles N can be
calculated by N = filuered/ foluered(i = 1). Therefore, since (8.0 + 6.3) % of all
droplets were found to be dually labeled, this means that (17.4 + 13.7) % of the
initial droplets have coalesced assuming that only one "step” (i = 1) has occurred.
Please note that this number decreases even further when one considers further steps
(¢ > 1). We conclude that on average much fewer than two initial emulsion droplets
form one final nanoparticle during the entire solvent evaporation process. In more
detail, from the number of coalesced droplets N one can then calculate the A value

defined before by:

A 00% (5.3)

N
100% — 5

assuming that ¢ = 1 coalescence steps occurred. The (17.4 + 13.7) % of initially
present droplets undergoing coalescence mentioned before amounts to an A value of
only (1.10 £ 0.08); for example, 1.10 droplets form one final particle, which is much
less than found previously.””) The FCS measurements were repeated with a different
set of samples prepared by using the same procedure but with toluene instead of
chloroform as solvent (FCCS-2). The results of the FCCS experiments are listed in
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Table 5.3 and shown in Figure 5.7a. The amount of double labeling was (14.24+5.9)
%, meaning that (28.9+12.1) % of the original droplets have coalesced, which yields
an A value of (1.174+0.08). This is slightly larger than in the case of chloroform and

is probably caused by the longer time needed to evaporate the less volatile toluene.
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Figure 5.6: Correlation curves (scattered symbols) and corresponding fits
(lines) of the DC-FCCS samples FCCS-1-P (a), FCCS-1-N (b),
and FCCS-1-A (c).

In another set of experiments, the amount of polymer in the chloroform was
reduced by a factor of ten (FCCS-3). As expected, the obtained nanoparticles dis-
played smaller size than the nanoparticles formed from more concentrated polymer
solutions (Table 5.1). In this case, the amount of double labeling was (11.4 & 6.5)
% (Table 5.4, Figure 5.7b). This corresponds to (24.4 &+ 13.9) % of the original
droplets having coalesced during the solvent evaporation, which yields an A value

of (1.14 £ 0.09). The higher measured value for the magnitude of coalescence is the
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result of the larger initial content of solvent in the droplets. Indeed, the probability
of coalescence between droplets is increased by the lowering of the viscosity of the

dispersed phase and by the longer evaporation time.
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Figure 5.7: Correlation curves (scattered symbols) and corresponding fits
(lines) of the DC-FCCS samples FCCS-2-A (a) and FCCS-3-A (b),
which were prepared with toluene (a) or with chloroform with a
low concentration of polymer in the droplets (b).

To assess the importance of coalescence in the broadness of the size distribution,
simulations were carried out to determine if coalescence alone could be responsible
for the observed large distribution in size of the nanoparticles. As it is difficult
to measure the size distribution of the droplets for the aforementioned reasons, we
modeled the original emulsion by reverse Monte Carlo simulations, based on the
measured size distribution of the samples FCCS-1-A, FCCS-2-A, and FCCS-3-A.
We tested the effect of a broad range of different probabilities of coalescence, from
5 to 50%, to check the influence of coalescence on the particle size distribution
(Figure 5.8). The emulsions show an almost identical size distribution compared
to the final nanoparticle dispersion at low degrees of coalescence, including the
measured one. The peak position is shifted slightly to smaller diameters, but the
overall shape remains, especially for larger droplet /particle sizes. This shows clearly
that coalescence is not significantly responsible for the observed relatively broad
size distribution. Although hexadecane is usually employed as a hydrophobic agent
to prevent Ostwald ripening of the droplets in miniemulsion polymerization,!*' the
polymer itself can act as a hydrophobe for particles produced by the emulsion solvent

evaporation technique. " Indeed, it stabilizes the droplets kinetically, but not ther-
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a) Simulated size distribution of an b) Simulated size distribution of an
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Figure 5.8: The distributions of hydrodynamic diameters of the nanoparticles
measured by DLS were used to calculate the size distribution of
the droplets in an emulsion by assuming different probabilities of
coalescence below and above the measured value.

modynamically because the molar amount of polymer compared to solvent (1:62825)
is not enough to completely counterbalance the Laplace pressure.”!! To exclude the
influence of Ostwald ripening on the size distribution of the obtained nanoparticles,
we prepared samples without (sample O-1) and with different amounts of hexade-
cane, thereby keeping constant either the total dispersed mass (sample O-2) or the
total dispersed volume (sample O-3). After solvent evaporation, the hydrodynamic
diameter and the particle size distribution were measured by DLS. In all cases, the
size distribution was almost identical, slightly larger than 30 % (see Table 5.1), al-
though the molar ratio of hexadecane/solvent was above the recommended ratio of
1:250,17"1 that is, 1:162 and 1:119 for O-2 and O-3, respectively. This shows that
there is no influence of Ostwald ripening on the particle size distribution during
solvent evaporation or that the polymer is a very efficient hydrophobe. As coales-

cence was found not to be the cause of the observed particle size distribution, the
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observed large polydispersity most likely originates from the emulsification process

itself, which has to be improved.

5.3. Conclusion

DLS was found not to be suitable to study coalescence in our systems because the
estimated diameters of the nanodroplets were influenced by the diluent and the
dilution. Zeta potential and FCS measurements, respectively, showed that there is
neither a change in the surface coverage of the nanodroplets nor a change in their
concentration and fluorescence brightness during the solvent evaporation process.
This points to an absence of coalescence. We used DC FCCS on a mixture of two
polymeric emulsions, each of them containing polymer labeled with a different dye.
This allowed quantification of the magnitude of coalescence, which was found to be
insignificant. It cannot account for the observed particle size distribution. The DC
FCCS measurements are supported by FRET measurements on labeled particles,
which also show nearly no coalescence. The combination of techniques used in
this study shows that the typical large size distribution of nanoparticles prepared
by emulsion-solvent evaporation is very likely due to the process itself producing
droplets with large size distribution. Thus, further efforts towards the fabrication
of monodisperse nanoparticles by the emulsion-solvent evaporation method have to

be continued in this direction.

5.4. Experimental Section

5.4.1. Materials

Polystyrene (PS, M, ~ 300000 gmol~!), polydispersity index (PDI = 2.38, Acros),
sodium dodecyl sulfate (SDS, Alfa Aesar, 99%), N -(2,6-diisopropylphenyl)-perylene-
3,4-dicarbonacidimide (PMI, BASF), toluene (Sigma-Aldrich, 99.7%), tetrahydro-
furan (THF, Sigma-Aldrich, 99.9 %), methanol (Fluka, 99.99 %), dichloro-methane
(Fluka, 99.99 %), chloroform (Acros, 99 %), and hexadecane (Merck, 99 %) were used
as received. Styrene (Merck, 99 %) was purified on a column packed with neutral
aluminum oxide (Merck) before use. The initiator 2,2’-azobis(2-methylpropionitrile)

(AIBN, Fluka, 98%) was recrystallized from methanol prior to use. The synthesis
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of the fluorescent dyes B504-MA and B612-MA (Figure 5.9a,b, SI) was based on
syntheses reported in the literature.!>'"") Both dyes have already been employed for
the synthesis of fluorescent nanoparticles”” = and nanogels.”””] The synthesis of
the copolymers named PS-504 and PS-612 from B504-MA and B612-MA has been
described before as well as their characterization by gel permeation chromatography
(GPC) and high-performance liquid chromatography (HPLC)F'l. Most importantly,
the absence of free dye in both copolymers was proven by HPLC. ") The monomers
9-vinylphenanthrene (VPA, Toronto Research Chemicals) and [1-(4-nitrophenyl)-
2-pyrrolidinmethyl] acrylate (NPP, Sigma-Aldrich) were selected (Figure 5.9¢-d) be-
cause they have been used for FRET measurements before. ">l Distilled water

was used throughout the work.

5.4.2. Synthesis of Labeled Polymers for FRET Measurements

Copolymers of styrene and VPA or NPP were prepared by free-radical polymer-
ization in miniemulsion. To this end, AIBN (100 mg), hexadecane (250 mg), and
styrene (6 g) were added to VPA (30 mg, PS-VPA) or NPP (60 mg, PS-NPP) to
build the dispersed phase and were added subsequently to a solution of SDS (72
mg) in water (24 g). The mixture was emulsified for 1 h at 1250 rpm and submitted
to ultrasonication for 2 min at 90 % amplitude under ice cooling. Afterwards, the
polymerization was carried out in a closed 50 mL round-bottom flask at 72 °C for 12
h. The obtained dispersion was freeze-dried, dissolved in THF, and reprecipitated
three times into methanol. The apparent molecular weights of the copolymers PS-
VPA and PS-NPP were measured to be 650550 (PDI = 3.2) and 369600 gmol~!
(PDI = 3.3), respectively, as determined by GPC (Figure 5.10). The purity of
the polymers was verified with HPLC by employing the free dye as reference. No
free dye was detected in either copolymer after their purification (Figure 5.11). Ab-
sorption and emission measurements on the dyes and on the polymers showed that
there were no significant changes in absorption or fluorescence of the dyes upon their

copolymerization (Figure 5.12).
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5.4.3. Preparation of the Nanoparticles

A certain amount of polymer (PS, PS-504, PS-612, PS-VPA, PS-NPP) was dissolved
in solvent (2.5 g; Table 5.1, SI) and added to an aqueous solution of SDS (20 g,
1 gL.7!). A macroemulsion was obtained by stirring at 1250 rpm for 1 h. The
macroemulsion was sonicated using a Branson W450-D sonifier with a 1/2-inch
tip at 70 % amplitude in a pulsed regime (30 s sonication, 10 s pause) under ice
cooling. The obtained emulsions were then either treated directly (see preparation
of samples for DC FCCS, FRET, and DLS experiments below) or transferred into
a 50 mL reaction flask and stirred at 500 rpm and 40 °C for 12 h. In the case of
further treatment, the emulsions were transferred to the reaction flask directly after
the treatment. Spherical nanoparticles were obtained as shown by the SEM images
(Figures 5.13 and 5.14).

5.4.4. Preparation of Samples for DC-FCCS and FRET

Experiments

Positive and negative control samples were prepared for comparison with the actual
samples. For positive control samples (denoted ”P”), the two labeled polymers were
miniemulsified together (Table 5.1). Negative control samples (denoted "N”) were
prepared by mixing equal volumes of the differently labeled dispersions obtained
after solvent evaporation. For the actual samples (denoted ”A”), equal volumes of
the differently labeled emulsions were combined directly after ultrasonication and
before solvent evaporation. The description of the preparation of the three different

kinds of samples is summarized and explained in Figure 5.4.

5.4.5. Analytical Tools

The synthesized polymers and particles were characterized with GPC, HPLC, elec-
tron microscopy, FCS, and absorption and fluorescence measurements (SI)). The
hydrodynamic diameters of the nanoparticles were measured with a Nicomp 380
Submicron Particle Sizer (PSS-Nicomp) at an angle of 90 ° (DLS) for 300 s. The
latexes (10 pL) were diluted in 1000 pL of either distilled water, an aqueous solu-
tion of SDS (1 gL.™!), distilled water saturated with a solvent (toluene, chloroform,

dichloromethane), or distilled water saturated with a solvent (toluene, chloroform,
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dichloromethane) and containing SDS (1 gL.™!). The averages of two independent
measurements as well as their standard deviations were reported. The zeta potential
of the emulsion droplets was measured at 25 °C in potassium chloride solution (1073
molL.™!, 50 uL sample per 1000 pL diluent) with a Zetasizer ZEN2600 (Malvern
Instruments). The average of at least ten runs is reported herein.

Decays of fluorescence were recorded with the time-correlated single photon count-
ing technique (FluoTime 200, PicoQuant GmbH). A cuvette (thickness 10 mm) with
a diluted dispersion was excited by light emitting source PLS 280 (spectral width <
20 nm, repetition rate 2 MHz, power 1 W, and pulse duration ~ 900 ps; PicoQuant
GmbH). Right-angle geometry of detection was chosen for fluorescence collection.
Glana€ “Thompson polarizers (for excitation and detection) were arranged under
magic angle conditions. An additional long-pass filter (Brightline 300/LP, Semrock
Inc.) was placed in front of a Sciencetech Model 9030 monochromator for better
separation of scattered light and fluorescence signal. A counting photomultiplier
PMA 165 (PicoQuant GmbH) was used as detector.

FCS and DC FCCS experiments were performed on an inverted microscope Olym-
pus IX70 combined with the FluoView300 confocal laser scanning unit (Olympus)
fiber coupled to a PicoQuant FCS unit that included two separate avalanche pho-
todiodes 7 - SPAD (PicoQuant GmbH) and the respective emission filters. In the
FCS experiments, the labeled nanoparticles were excited with an argon-ion laser at
488 nm, whereas emission was collected after filtering with an LP488R RazorEdge
filter. In the DC FCCS experiments, argon-ion (488 nm) and helium-neon (633 nm)
lasers were used simultaneously to excite the B504-MA and B612-MA dye-labeled
polymers, respectively. The collected fluorescence was divided into two channels by
a dichroic mirror and filtered further with an LP635 long-pass filter in channel 1
and BP525/50 band-pass filter in channel 2. Calibration of the confocal detection
volumes was achieved by performing reference measurements with Alexa Fluor 488
and Alexa Fluor 647 dyes (both Invitrogen) using the reported values of their diffu-
sion coefficients.['”") A more detailed description of the FCS setup and its working
principle can be found in the literature*! and in the SI.

To evaluate the effect of coalescence during evaporation on the size distribution of
the precipitated nanoparticles, we set up a model to reconstruct the size distribution
of the droplets in the emulsion. To this aim we implemented a reverse Monte

Carlo procedure, which takes as input parameters the probability of coalescence
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in solution. The process is assumed to occur in a single step and the number of
coalescence events per particle is at most one. A minimum size of the particles
in the emulsion, equivalent to the smallest particles detected in the precipitate, is
set as a boundary condition, and particle diameters are rescaled according to the
different density between nanodroplets in emulsions and precipitated nanoparticles.
The reverse Monte Carlo loop is iterated a sufficient number of times to achieve a

statistical uncertainty two decades smaller than the scale of the distributions.

5.5. Supporting Information

5.5.1. Materials and Amounts used

Figure 5.9: The polymerizable dyes B504-MA (a), B612-MA (b), 9-
vinylphenanthrene (c) and [1-(4-nitrophenyl)-2-pyrrolidinmethyl]
acrylate (d) were used to label polystyrene chains for DC-FCCS
(a, b) and for FRET-experiments (c, d).
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Table 5.1: Entry names, polymers and solvents used in the experiments.
Starred entries are depending on diluent and dilution, see main

document.

Entry m(PS) m(PS- m(PS- m(PS- m(PS- m(PMI) m(HD) Solvent D o

[mg] 504) 612) VPA) NPP) [mg] [mg] [m] [%)]

mg] [mg] [mg] [mg]

Time 100 - - - - - - CHCL; = °
Dil-1 100 - - - - - - CHCL; ~
Dil-2 100 - - - - - - Toluene * *
Dil-3 100 - - - - - - CH,CL, ©
0-1 100 - - - - - 0 CHCLs; 141 31
0-2 60 - - - - - 40 CHCL; 101 35
0-3 60  — - - - - 29.3 CHCL; 97 32
FCS-1 100 - - - - 0.01 - CHCL; ~
FCCS-1-PS-504" - 100 - - - - - CHCL; 98 33
FCCS-1-PS-612""  — - 100 - - - - CHCL; 91 35
FCCS-1-P** - - 50 50 @ — - - CHCL; 96 34
FCCS-1-N™" - - - - - - - - 95 31
FCCS-1-A™ - - - - - - - - 92 35
FCCS-2-PS-504  — 100 - - - - - Toluene 85 39
FCCS-2-PS-612 - - 100 - - - - Toluene 83 37
FCCS-2-P - — 50 50 - - - Toluene 87 33
FCCS-2-N - - - - - - - - 83 32
FCCS-2-A - - - - - - - - 83 38
FCCS-3-PS-504  — 10 - - - - - CHCLs; 70 43
FCCS-3-PS-612  — - 0 - - - - CHCL; 68 44
FCCS-3-P - - 5 5 - - - CHCL; 69 31
FCCS-3-N - - - - - - - - 71 46
FCCS-3-A - — - - - - - - 72 44
FRET-PS-VPA - - - 100 — - - CHCLs; 124 35
FRET-PS-NPP - - - - 100 - - CHCL; 114 28
FRET-PS-P - - - 50 50 @ — - CHCLs; 123 27
FRET-PS-N - - - - - - - - 121 29
FRET-PS-A - - - - - - - - 120 25

“see text, depending on diluent and dilution
“also see D. Schaeffel, R. H. Staff, H.-J. Butt, K. Landfester, D. Crespy, K. Koynov,
Nano Lett. 2012, 12, 6012
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5.5.2. Characterization methods

Gel permeation chromatography (GPC) was used to estimate the average molecular
weights of the polymers and their polydispersity index (PDI). The dried polymers
were dissolved in THF at a concentration of 5 mg-mL~! and filtered through a
0.45 pm Teflon filter. An elution rate of 1.0 mL-min~! and both UV- (254 nm)
and RI-detectors were used. The apparent molecular weights of the polymers were

calculated using polystyrene standards.

For PS-VPA and PS-NPP, HPLC measurements were conducted on the polymer
and the free dye to check the absence of free dye in the polymer. The measurements
were performed with a gradient of THF and water starting from a ratio of 50 to 50 up
t0 100 to 0 in 10 min. The flow was 1 mL-min~! employing a RP8e-column (Merck))
on a 1200 HPLC from Agilent Technologies. For detection, a DAD-Detector at a
wavelength of 310 nm for PS-VPA and at 380 nm for PS-NPP was used.

Absorption and fluorescence emission spectroscopy on the dyes and the poly-
mers was done in CHCl; solutions at concentrations of 0.1 mg-mL~! respectively 1
mg-mL~! on a Tecan Plate Reader Infinite M1000. For the quantification of labeling,
the fluorescence emission of a concentration series of both dyes was run. Obtained
intensities were corrected for background and solvent.

For electron microscopy, 10 uLL of the dispersions of the nanoparticles were diluted
with 1 mL of distilled water. SEM-images were taken on a Zeiss 1530 Gemini Leo
at varying voltages.

In the FCS experiments, the measured temporal fluctuations of the fluorescence

intensity 6 F(t), were evaluated through an autocorrelation function defined as:

(SF(H)OF(t + 7))

G(r)=1+ (D)2

(5.4)

As theoretically shown in the case of an ensemble of identical, freely diffusing flu-

orescent species, this autocorrelation function has the following analytical form!'*:

N

G(r) =1+ % (1 + %)_1 (1 - S;—TD)_ (5:5)

Here, N represents the average number of the fluorescent species in the confocal

observation volume V', 1 is their average lateral diffusion time through V', and S =
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2p/ro is the ratio of the axial to lateral dimension of V' (S & 6 in our experiments).
The experimental correlation curves (eq. 5.4) were fitted with eq. 5.5, yielding N
and 7p. Consequently, the concentration C' = N/V of the diffusing species and
their fluorescent brightness (0F(t)) /N were evaluated. In the case of fluorescently
labeled nanodroplets considered here, the latter parameter is proportional to the
number of labeled polymer chains per droplet and should increase upon coalescence.
Furthermore, the diffusion coefficient D and the hydrodynamic radius R of the
species were evaluated from the relation D = (r2+ R?)/47p, and the Stokes-Einstein-
relationship. [

In DC FCCS experiments, the beams of two lasers emitting at wavelengths of 488
nm and 633 nm respectively, were made collinear and focused to diffraction limited
spots in the sample by a high numerical aperture, achromatic microscope objective.
The fluorescent light was collected by the same objective and directed into two sep-
arate detection channels by a dichroic mirror. Each channel contained an emission
filter, confocal pinhole and single photon counting avalanche photodiode detector.
These arrangements resulted in the formation of two perfectly overlapping confocal
observation volumes V; and V5 that superimpose to a common observation volume
V2.1 The temporal fluorescence fluctuations monitored in channel 1, §Fy(t), and

2, 0F,(t), were independently recorded and the cross-correlation function

(OF (t)0F(t + 7))
(F1(8)) (F2 (1))

Gio(1) = (5.6)
was evaluated. !’ In addition, the autocorrelation functions from both channels were
obtained. Therefrom, the average concentration of the double labeled species Ci,
was computed through Ciy = (C12(0) — 1) Ny NoVis/ViVs. Furthermore, the sample
FCCS-1-PS-504 was used to quantify the cross-talk. A bleed through factor of 0.021
was obtained, which means that 2.1 % of the fluorescence emitted by the dye B504-
MA was detected also in channel 2, which was intended to detect the fluorescence of
the B612-MA dye. All cross-correlation amplitudes were corrected accordingly for

this cross-talk as described previously in other reports for other dyes.
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5.5.3. Characterization data
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Figure 5.10: GPC traces of PS-VPA (a) and PS-NPP (b).
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Figure 5.11: HPLC-plots for PS-VPA (a) and PS-NPP (b). Both inlays show
that there is no free dye.
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Figure 5.12: Absorption and emission spectra of VPA (a), PS-VPA (b) and
the absorption spectra of NPP and PS-NPP (c¢). All spectra were
corrected for background and solvent. NPP does not fluoresce.
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5.5.4. SEM micrographs of the nanoparticles

Figure 5.13: SEM micrographs of the sample ”Time” at two different magni-
fications. Dense, spherical nanoparticles are obtained.
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Figure 5.14: SEM micrographs of the samples Dil-1 (a), Dil-2 (b) and Dil-3(c).
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5.5.5. DC FCCS data

Table 5.2: The channel numbers, concentrations (c¢) and hydrodynamic radii
(rg) for the dual color FCCS experiments performed with samples

Table 5.3: The channel numbers, concentrations (c) and hydrodynamic radii
(ru) for the dual color FCCS experiments performed with samples

110

FCCS-1-P, FCCS-1-N and FCCS-1-A are shown.

Sample Channel c+ Ac nM]  rg £+ Arg [nm]
Ch.1/AC1 "red” 1.70 £0.52 51.3+4.0
FCCS-1-P  Ch.2/AC2 7blue”  1.75+0.21 49.6 £5.8
CC 1.71+1.19 92.5+5.2
Ch.1/AC1 "red” 2.02£0.62 46.8 £ 3.8
FCCS-1-A  Ch.2/AC2 ”blue”  1.11 £0.13 47.6 £5.8
cC 0.23£0.16 46.5+6.9
Ch.1/AC1 "red” 1.94 + 0.60 46.3 £ 3.7
FCCS-1-N  Ch.2/AC2 "blue” 0.91£0.11 51.1+5.7
CcC 0.03 £0.02 44.44+9.0

FCCS-2-P, FCCS-2-N and FCCS-2-A are shown.

Sample Channel ¢+ Ac [nM]  rg+ Arg [nm)]
Ch.1/AC1 "red” 2.11£0.16 36.9£2.3
FCCS-2-P Ch.2/AC2 "blue”  2.55+0.36 33.9+24
CC 2.15£0.77 379+25
Ch.1/AC1 "red” 1.95+0.15 32.9+£2.0
FCCS-2-A Ch.2/AC2 7blue”  1.48 £0.21 39.3+238
CC 0.43£0.15 41.5 £ 3.2
Ch.1/AC1 "red” 1.32+0.10 39.3+2.7
FCCS-2-N  Ch.2/AC2 ”blue”  1.61 £+ 0.22 39.3+2.8
CC 0.09 £0.03 48.8 £ 8.8
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Table 5.4: The channel numbers, concentrations (c) and hydrodynamic radii
(ru) for the dual color FCCS experiments performed with samples
FCCS-3-P, FCCS-3-N and FCCS-3-A are shown.

Sample Channel ct Ac [nM]  rg £+ Arg [nm]

Ch.1/AC1 7"red” 4.51+£0.95 26.0£24
FCCS-3-P Ch.2/AC2 ”blue”  3.78 £ 0.48 27.5£3.0
CC 223 +1.17 31.3+£2.5

Ch.1/AC1 "red” 2.02£0.42 29.2£20
FCCS-3-A Ch.2/AC2 "blue” 3.39+0.35 38.9+2.38
CC 0.55+£0.28 30.2£2.6

Ch.1/AC1 7red” 1.32 £ 0.27 24.1+£1.7
FCCS-3-N Ch.2/AC2 "blue” 1.62+0.17 33.4+2.7
CC 0.30 £ 0.15 26.7£24
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6. Molecular Exchange Kinetics of
Diblock Copolymer Micelles
monitored by FCS

We investigated the equilibrium chain-exchange kinetics of amphiphilic diblock copoly-
mer micelles, using a new method based on fluorescence correlation spectroscopy.
The micelles were formed from polystyrene-block-poly|oligo(ethylene glycol) methyl
ether methacrylate| (PS-POEGMA) in different solvents and studied at various tem-
peratures. This linear-brush copolymer was chosen as a model system forming mi-
celles with short and bulky corona. Depending on the applied solvent, fast exchange
could be observed even at temperatures well below the nominal glass transition of
the core forming PS block. The effect is caused by swelling of the core and allows
extensive tuning of the chain-exchange rate by adding to the system minor amounts

of good or bad solvent for the core block.

Reproduced with permission from:

D. Schaeffel, A. Kreyes, Y. Zhao, K. Landfester, H.-J. Butt, D. Crespy, K. Koynov:
Molecular Exchange Kinetics of Diblock Copolymer Micelles monitored by Fluores-
cence Correlation Spectroscopy, ACS Macro Lett., 2014, 3, 428-432.

Copyright 2014 American Chemical Society
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6.1. Introduction

Amphiphilic block copolymers tend to self-assemble in aqueous solutions and form
supramolecular structures like micelles or vesicles. In addition to numerous fur-
ther applications, such self-assemblies are considered among the most promising
candidates for drug carrier systems. In particular, block copolymer micelles with
functional, non-immunogenic hydrophilic corona and hydrophobic core that can ac-
commodate hydrophobic drugs have attracted growing interest.[””"] Recently, the
first polymeric micelles based drug carrier systems have entered clinical trials.["!! In
order to further develop, tune and optimize such carriers with respect to drug load-
ing capacity, stability, long circulation times and controlled release it is of paramount
importance to have a good knowledge on the physical processes governing the forma-
tion, the structure and the kinetic stability of block copolymer micelles. However,
while the static properties of block copolymer micelles have been extensively stud-
ied and are relatively well understood, ">l much less is known for their dynamic
behavior, in particular for the process of chains exchange between micelles in equi-
librium. Yet, such an exchange may have important effects on the micelles drug

carrier properties e.g. on their loading capacity, stability, and controlled release.

The chain exchange between block copolymer micelles at equilibrium was stud-
ied theoretically by Halperin and Alexander.l’”! They derived an analytical model
predicting that the exchange of individual chains through expulsion-insertion is the
dominating mechanism and eventual fission and fusion of polymer aggregates (mi-
celles or ”submicelles”) plays only a secondary role. This result was further con-
firmed by dissipative particle dynamics simulations performed by Li and Dormidon-
tova.”l On the other hand, experimental studies are relatively rare and the num-
ber of investigated block copolymer micelle systems remains extremely limited. The
main reason is the lack of appropriate, easily accessible experimental techniques.
Indeed, while methods based on fluorescence quenching,"”! sedimentation,”””) or
cryo-TEM ") have been used to study the exchange kinetics, to date the most
important, quantitative results that could be compared with the theoretical pre-
dictions were obtained by time-resolved small-angle neutron scattering (TR-SANS)
experiments performed by Richter and coworkers, ['*'12*2l and Bates, Lodge and
coworkers!"?"' =¥ Clearly, the availability of new methods based on broadly ac-

cessible tabletop equipment shall boost the related studies and help to improve our
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understanding in this important field.

Fluorescence correlation spectroscopy (FCS) is a sensitive and selective method
for investigating the mobility of fluorescent species, such as small molecules, macro-
molecules, or nanoparticles in various environments. ! In a typical FCS experiment,
the temporal fluorescence intensity fluctuations caused by e.g. the diffusion of the
studied fluorescent species through a small observation volume are monitored and
used to evaluate their diffusion coefficient, size, and concentration. ") While initially
developed and still predominantly used in molecular and cell biology, "] FCS was
also established as a powerful tool in polymer, colloid, and interface science.l'":'"]
Furthermore, it was already successfully used to study amphiphilic block copolymer
based supramolecular structures. For example Papadakis and coworkers applied
FCS to study the formation of block copolymer micelles and investigate the ef-
fect of polymer architecture on the size and critical micelle concentration (CMC)
of the micelles.['"”'"] The formation of block copolymer vesicles, their loading with
drugs, and the process of nanoparticles uptake by such vesicles were also studied by
FCS. o2

In this letter, we present a new method for studying the dynamic equilibrium
chain-exchange between polymer micelles. The method is based on a variation of
the classical FCS technique, called dual color fluorescence cross-correlation spec-
troscopy (DC FCCS).["") Compared to TR-SANS, DC FCCS uses tabletop equip-
ment and fluorescent labeling that makes it more easily accessible and applicable
to broad range of supramolecular structures. We apply this method to monitor the
chain-exchange between polystyrene-block-poly|oligo(ethylene glycol) methyl ether
methacrylate] (PS-POEGMA) micelles and to investigate the effect of temperature
and solvent quality on its rate.

The linear-brush block copolymer PS-POEGMA was chosen for two reasons.
First, it represents a model system for a micelle forming copolymer with short and
bulky corona block. The chain exchange between such types of micelles was never
studied before. Second, PS-POEGMA is also a model functional polymer because of
the very interesting properties displayed by the POEGMA block. Indeed, polymers
of OEGMA are thermoresponsive in water, were found to display an anti-fouling
behavior below their lower critical solution temperature, and to have no specific
interactions with biomolecules, which make them ideal for biomedical applications

e.g. drug delivery.[’*"]
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6.2. Experimental section

6.2.1. Synthesis and characterization

The PS-POEGMA copolymers were synthesized by atom transfer radical polymer-
ization (Supporting Information (SI)). The degree of polymerizations of the hy-
drophobic PS and the hydrophilic POEGMA blocks were Npg &~ 47 and Npogama =~
10, respectively. The polydispersity index of the PS block was PDI = M,,/M,, = 1.18
as measured by gel permeation chromatography (GPC). Thus, we expect that the
micelles formed by the PS-POEGMA copolymer in polar media should have a rather
dense and relatively thin corona. To enable DC FCCS studies part of the copoly-
mers were labeled either "blue” or "red” by covalent attachment of ”blue” or "red”
fluorescent BODIPY dyes with a Diels-Alder reaction at the PS block (see SI). The
labeled copolymers were mixed with unlabeled ones in a weight ratio of 5:95. The
mixture was dissolved in THF that is a good solvent for both blocks. Dispersions
of ”blue” or "red” micelles were obtained by stirring the copolymer THF solutions
while dropping a selective solvent (water or methanol) for 40 min. This process was
followed by an immediate quenching with an excess of the selective solvent. The

micelle solutions were dialyzed for three days in order to remove the THF.

The formation of micellar structures was confirmed by measuring the hydrody-
namic radius of the diffusing fluorescent species in the selective solvent solutions at
different copolymer concentrations ranging from 0.01 to 4 M using classical FCS as
described in the SI.I'>'"] In methanol, at very low concentrations only single chains
with Ry ~ 2 nm were observed. However at higher concentrations significantly
larger species representing the formed micelles were recognized (Figure 6.5). This
allowed determination of the CMC of 0.04 M in methanol. In water the CMC
was below 0.01 gM. Thus all further experiments were conducted at 4 uM polymer
concentration, i.e. well above the CMC. The hydrodynamic radii of the micelles
were determined to be Ry = (13 + 2) nm in methanol and Ry = (21 £+ 2) nm
in water. Neither Ry, nor the CMC of the micelles were affected by the type of the
label i.e. ”blue” or "red”, confirming that the labeling has minor or no effect on the
properties of the formed micelles. This is not surprising in view of the small size
of the fluorescent labels and the fact that only 5 % of the block copolymers were
labeled.
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6.2.2. Dual color Fluorescence Cross Correlation Spectroscopy

In order to investigate the chain exchange kinetics, independently prepared disper-
sions of "blue” and "red” labeled PS-POEGMA micelles were mixed at 1:1 ratio.
The relative concentration of the double colored micelles that appeared as a result
of chain exchange was measured as a function of time using DC FCCS. Detailed de-
scriptions of the DC FCCS method and our experimental setup, which is based on a

commercial FCS apparatus (Olympus and Pico Quant) is given elsewhere.""] Briefly,
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Figure 6.1: Cross correlation curves measured at 23 °C in methanol at different
times. The figure delineates that with progressing time the cross
correlation amplitude rises revealing an increase in the fraction of
dual-colored micelles.

two collinear laser beams with different wavelengths ("blue” and "red” for simplic-
ity) are coupled to a confocal microscope and used to create sub-femtoliter probing
volumes V;, and V; into the studied micellar solution. Ideally, these volumes are
perfectly overlapping to create an efficient observation volume Vi,.["l The temporal
fluctuations of the ”"red” and ”blue” fluorescence signals §Fy,(t) and 0 F;(t) caused
by the diffusion of fluorescent species through V4,, were independently measured and

analyzed by a cross-correlation function!™:

(0FL(t)0FL(t + 7))

o) = R OV E)

(6.1)
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The amplitude of this function, Gy, (0), is directly proportional to the concentra-
tion of dual-colored species in the studied solution. Thus, if the fraction of dual-
colored micelles increases with time Gy,.(0) should also rise. This is illustrated in
figure 6.1 which shows experimental cross-correlation curves measured for a mixture
of "red” and ”blue” labeled PS-PEOGMA in methanol at T = 23 °C at different times
after mixing. Furthermore, in addition to the cross-correlation function Gy, (1), two
autocorrelation functions Gy, (7) and G, (7) can be defined using equations analo-
gous to Eq. 6.1. By fitting experimental auto- and cross-correlation functions with
an analytical model for freely diffusing species!’) the hydrodynamic radii and the

concentrations of single and dual-colored micelles can be evaluated. """ In particu-
(Gr (0)—1) Viyr

Gpp(0)—1) V4G (0)—1)V;)

Finally, with the purpose of de-

lar the concentration of dual-colored micelles is given by Cy, = i

Cbr
Cb +Cr _Cbr ’

scribing the exchange of polymers between the micelles and thus the transition of

and their relative fraction is f,, =

single-colored micelles to dual-colored ones in terms of a relaxation process similar
to that used in TR-SANS experiments,|*"""! we define the experimental relaxation

function as:

_ Jor(00) = fir(?)
for(00) = fir (0)

Rexp. (1) (6.2)

6.3. Results and Discussion

6.3.1. Modeling the molecular exchange

Figure 6.2 (upper inset) shows typical relaxation functions Rey, (¢) measured for
PS-POEGMA micelles in methanol at temperatures of 9 °C, 12 °C, 17 °C and 23
°C. An almost logarithmic time dependence of Ry, (f) was observed, a result that
agrees with earlier TR-SANS findings for star shaped micelles.!""*") This similarity
is significant given the fact that the block copolymers studied here have a short
and bulky corona blocks and thus are expected to form thin corona micelles. The
relaxation curves (Figure 2) display a trend to faster decay, i.e. faster exchange
kinetics, at higher temperatures. As shown by Choi et al.l'”) this effect is related
to the temperature dependence of the chain relaxations of the PS blocks forming
the micelles cores. The time temperature superposition principle often used e.g. for
rheological data can be applied in order to create a "master curve”. Such a master

curve was constructed by horizontally shifting the relaxation curves measured at
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Figure 6.2: Relaxation functions of the chain exchange kinetics of PS-
POEGMA micelles in methanol as measured with DC FCCS. A
master curve is constructed by horizontal shifting of the individ-
ual relaxation functions measured at different temperatures (upper
inset) to the reference temperature T = 12 °C. The lower inset
demonstrates that the temperature dependence of the shift fac-
tors follows the WLF equation. The solid line in the main figure
represents a fit with eqgs.(6.3)-(6.5)(see text for details).

9 °C, 17 °C and 23 °C with respect to the curve measured at 12 °C (Figure 6.2).
The results could be nicely superimposed and the temperature dependence of the

corresponding shift factors (lower inset in Figure 6.2) followed the classical Williams-
Landel-Ferry (WLF) equation. ']

Next, we compared our results with existing theoretical models in order to con-
firm their validity with respect to FCS based experiments and obtain quantitative
information on the relevant parameters for the studied PS-POEGMA micelles. As
discussed above, there is an agreement [’"7%4519, 1012552215 that the exchange of indi-
vidual copolymer chains between micelles is the major relaxation mechanism. Fusion
or fission processes have only little influence. Under this assumption, the chain ex-
change kinetics is almost solely governed by the expulsion of the block forming the

core (PS in our case) from the micellar core through the corona into the solvent.!’»*"]
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A time correlation function for the copolymer exchange can be defined as:[**""]

t —A VHQI/SN,B
K(t, Ncore) = exp [—;exp ( 7 Core (63

kT

here k is the Boltzmann constant, T' is the temperature, 7 - the characteristic relax-
ation time, v the interfacial tension between core forming polymer and solvent, and
Ncore and V,, degree of polymerization and monomeric volume of the core forming
polymer, respectively. A and ( are parameters, which describe the conformation of
the core polymer during the expulsion process as discussed below. The polydisper-
sity of the core forming block plays an important role[*” and was taken into account

by convolving Eq. 6.3 with a Schulz-Zimm distribution:

gt NEDL —&Ncore
PNeoe) = T 1) Noaae P <W> o

where £ = 1/(PDI — 1), to finally obtain a relaxation function that has the form:
R(ta NCore) - / K<t; NCore)P(NCore)dNCore- (65)
1

We used equations (6.3)-(6.5) to fit the experimental results (Figure 6.2). Not all
parameters need to be varied and many of them may be estimated from independent
measurements or by using simple considerations. For example, the polydispersity

of the core block and hence the parameter £ were determined with GPC (SI). The

second exponent in Eq. 6.3, AVVH%/ SN

Core »

of creation of new interfacial area between core polymer and solvent after expulsion.

represents the activation energy in terms

We estimated the interfacial tension between PS and methanol from the extended
Fowkes equation!”>*'"l to be v ~ 7.5 mN/m. The parameters A and 3 describe
the conformation of the core’s blocks. For a totally collapsed, solvent free, globular
conformation, A should be (367)/3 and 3 = 2/3. For completely stretched chains,
A = (87)Y3 with 8 = 1.I'>'%! Since the number of repeat units of the core’s block of
our micelles is relatively low (Npg ~ 47) and a dense corona is formed by the short
bulky POEGMA blocks, a stretched polymer conformation of the PS during the
expulsion process and thus 8 = 1 can be expected.!'”***’] Furthermore, leaving 3

free to vary between 2/3 and 1, when fitting our experimental data, always resulted
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in # = 1. Therefore, to reduce the number of fit-parameters we fixed 5 = 1 and used
only A as a fit parameter describing the conformation of the core forming chains.
In addition, any further change of the activation energy, e.g. due to the penetration
of solvent into the micelle core can also be accounted via the parameter A.

The last unknown parameter describing the relaxation function (Eq. 6.3) is the
characteristic time 7. Since the PS blocks of our micelles are short, the micelle
core can be considered as an unentangled and partially swollen polymer melt. We
followed Choi et al.l'") and chose the Rouse time 7y as the characteristic time of
the process. Thus 7 = 7r = NZ,.b*¢/(67°kT) with b and ¢ the monomer segment
length and monomeric friction, respectively.

The value of b = 0.67 nm is known from literature reports!'”**) and was used
as a fixed parameter. However, there are no available data for the monomeric fric-
tion coefficient (, e.g. from rheological measurements, because the PS was probably
swollen to an unknown extent by methanol. Therefore, we used the monomeric fric-
tion coefficient ¢ as a second fit parameter. Moreover, in order to account for the
temperature dependence of ¢, we used equations (6.3)-(6.5) to fit directly the "mas-
ter curve” of experimental data (Figure 6.2). Therefore, our fit results correspond
to the reference temperature T,y = 12 °C. This approach fitted the experimen-
tal data reasonably well (Figure 6.2, solid line) and yielded A = 1.25 £ 0.01 and
¢ = (105 £+ 5)-107° Ns/m. This value of ¢ is similar to that obtained by rheol-
ogy for bulk non-entangled PS slightly above its glass transition.”*?) As the master
curve is constructed for a reference temperature of 12 °C, we estimated that the glass
transition of the micelle’s core should be around 5-8 °C. Although the low molecular
weight of the PS chains implies a T, of about 75 °C for this polymer,***] only an
additional swelling of the PS core with the surrounding methanol can explain the
strong reduction of T,. Here the possibility that a small amount of remaining THF
is causing the core swelling can be ruled out since no chain exchange was observed
for micelles formed in water as discussed below (inset Figure 6.3). The fact that the
fit produced a value of A = 1.25, which is lower than A = (87)Y/? ~ 2.93 expected
for stretched PS chains, further indicates that the methanol has penetrated into
the micelle’s core and lowered the energy required for the polymer expulsion. As
the exact extent of the core’s swelling cannot be determined accurately, we roughly
estimated it by applying the Fox-equation.”’! Using the value of ~ —98 °C for the

glass transition of methanol and = 75 °C for PS we calculated that the cores of our
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6 Molecular Exchange Kinetics of Diblock Copolymer Micelles monitored by FCS

PS-POEGMA micelles are swollen with roughly 25 wt% methanol.

6.3.2. Solvent dependency on the exchange kinetics

To examine further the effect of solvent on the chain-exchange kinetics, we studied
micelles formed in methanol mixed with either 5 vol% of water that is a bad solvent
for the PS core, or 3 vol% of THF as a good solvent for the PS core (Figure 6.3).
For the methanol-THF mixture the relaxation accelerates, indicating that the chain
dynamics inside the PS micelle’s core becomes faster and the energy required for

chain expulsion decreases. The opposite is observed for the methanol-water mixture.
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Figure 6.3: Relaxation curves of the exchange kinetics in methanol, methanol-
water and methanol-THF mixtures at 23 °C. The inset shows the
auto- and cross-correlation curves of the micelles in water after
several weeks. The amplitude of te cross correlation is practically
zero, showing that there is no exchange between micelles in pure
water at this temperature.

The relaxation process slows down, suggesting an increased expulsion energy and
slower dynamics inside the PS micelle’s core. These findings demonstrate the major
role that the solvent quality and the eventual core swelling have on the exchange
dynamics. The later process is especially important as it allows chain exchange
at temperatures below the glass transition of the core block. In the absence of

core swelling the chain exchange dynamics of the studied PS-PEOGMA copolymer
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micelles is basically frozen at such temperatures. This is illustrated in the inset in
Figure 6.3 that shows the auto- and cross-correlation curves measured a month after
mixing "blue” and "red” labeled micelles formed in pure water and kept at 23 °C.
The amplitude of the cross-correlation is practically zero, showing that there was

no chain exchange between the micelles even after this extended period of time.

6.4. Conclusion

In summary, we have presented a new method for studying the chain exchange kinet-
ics in diblock copolymer micelles by using dual color fluorescence cross-correlation
spectroscopy (DC FCCS). This technique employs tabletop equipment and fluores-
cent labeling that makes it accessible to large research community and applicable
to broad range of copolymer systems. We applied the new method to measure the
exchange kinetics of micelles formed by a linear-brush copolymer PS-POEGMA, as
a model system with short and bulky corona block. By varying the temperature
and comparing the results with a scaling theory reported earlier,""*"") we were
able to quantify the extent of swelling of the PS micelle’s core and explain the fast
exchange that takes place at temperatures well below the nominal glass transition
of PS. Furthermore, we showed that the addition of small amounts of either good

or bad solvent for the PS core had a tremendous effect on the exchange kinetics.

6.5. Supporting Information

6.5.1. Fluorescence Correlation Spectroscopy

An inverted microscope, Olympus IX70 combined with a confocal laser scanning
unit FluoView300 (Olympus), and a PicoQuant FCS upgrade comprising two single
photon counting avalanche photodiodes (7-SPAD) were used for the FCS and DC
FCCS measurements. Dyes were excited with an argon-ion laser at A = 488 nm
or a helium-neon laser at A = 633 nm. The fluorescence of the dyes where filtered
with either a 500-550 nm band pass or an 690-710 nm band pass for DC FCCS
measurements whereas for FCS measurements 488 nm long pass and 635 nm long
pass emission filters were used respectively (all Semrock). Throughout all measure-
ments an Olympus UPLSAPO 60XW 60x/1.2 water immersion objective was used.
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As sample cell an eight-well, polystyrene-chambered cover glass (Nalge Nunc Inter-
national) was used. Temperature control during experiments was achieved using a
remotely controlled heating stage (Linkam Scientific Instruments). Reference mea-
surements to obtain size and shape of the FCS observation volumes were conducted
using dyes with well-known diffusion coefficients, in our case Alexa Fluor 488® and
Alexa Fluor 647® (Invitrogen).[ ] Occasional occurrence of aggregates was encoun-
tered by discarding concerned curves. Thus, all the curves used for analysis can be
considered of being aggregate free. For DC FCCS for the here used fluorescent dyes
the positive detector cross-talk was found to be negligible.

The autocorrelation in FCS is derived by the temporal fluorescence intensity fluc-

tuations 0 F'(¢):
© (OF(t)OF(t+ 1))

(F(1))*

It has been shown theoretically that for an ensemble of types of freely diffusing

G(r)=1 (6.6)

species the autocorrelation function follows the analytical form: ("]

m

G(T)1+<]1V>Z< )fi1+ —. (6.7)

. T
= 92
TDi S TDi

Here (N) is the mean number of fluorescent tracers inside the observation volume
V', mp; is the average diffusion time of species i (1 < i < m) through V and f; the
respective fraction of species 7. S is named structural parameter and is the ratio of
axial to lateral dimension zy/ro of V. Since V' and its dimensions are known from
reference measurements using dyes with known diffusion coefficient the concentration
C = (N) /V of the fluorescent species can also be evaluated. Moreover, the diffusion
coefficient of species i can be obtained by D; = rZ/4mp; and with the Stokes-Einstein
relationship the corresponding hydrodynamic radius Ry can be determined.!'”]
Figure 6.4 shows two normalized example autocorrelation curves measured at
different polymer concentrations in methanol. At 11 nM the fit (eq. 6.7, m =
1) yields Ry ~ 2 nm which corresponds to the diffusion of single polymer chains,

whereas at 4600 nM the fit results in Ry ~ 10 nm showing the presence of micelles.

Measurements in polymer solutions with different concentrations were conducted

and the respective Ry’s determined. Figure 6.5 shows the concentration series of
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Figure 6.4: Normalized autocorrelation curves (symbols) and the correspond-
ing fits with eq. 6.7 (solid lines) at different polymer concentrations
in methanol.
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Figure 6.5: The determined hydrodynamic radii at different polymer concen-
trations of the micelles in methanol. The red vertical line highlights
the critical micelle concentration.
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6 Molecular Exchange Kinetics of Diblock Copolymer Micelles monitored by FCS

the bodipy labeled polymer (8-An-PS-POEGMA, see synthesis chapter below) in
methanol as an example. The analysis reveals that the lowest concentration where
micelles occur lies at . A similar behavior was observed for the other bodipy labeled
polymer (6-An-PS-POEGMA, see synthesis section below). Thus, ¢ ~ 0.04 uM can

be considered as the critical micelle concentration of the copolymer in methanol.

6.5.2. Synthesis and characterization of dyes and polymers

DMF

CHo

o
NN o NN
KaCOy
+ NH = ) ©
© 3
CHO
2

1. TFA

[ > ]
N N
2.DDQ 4

3.NEty BF3*OEt,

Figure 6.6: Synthesis of maleimide substituted BODIPY dyes.

K5COs3 (8.4 g, 61 mmol) was added to a solution of 4-(3-bromopropoxy) benzalde-
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hyde"l (1) (3.0 g 12.3 mmol) in dry DMF (60 mL) and the mixture was stirred
for 30 min. Then a solution of furane protected maleimide!”") 2 (2.0 g, 12.3 mmol)
in dry DMF (10 mL) was added. After stirring at 60 °C overnight, the reaction was
poured into water and extracted with EtOAc (3 x 30 mL). The combined organic
phases were dried over NaSQy, the solvent was evaporated, and the residue was
purified by column chromatography (EtOAc : n-hexane = 5:3). 3 was obtained as
a white solid. '"H NMR (300 MHz, CDCl3), ¢ [ppm]: 9.85 (s, 1H, aldehyde-H), 7.79
(d, J = 8.8 Hz, 2 H, phenyl-H), 6.96 (d, J = 8.8 Hz, 2 H, phenyl-H), 6.49 (s, 2 H,
protection group CH=CH), 5.21 (s, 2 H, protection group CH-O-CH), 4.00 (t, J =
6.1 Hz, 2 H, O-CH,), 3.69 (t, J = 6.8 Hz, 2 H, N-CH,), 2.82 (s, 2H, maleimide-H),
2.09 (m, 2 H, CHy-CH,-CH,). 3C NMR (75 MHz, CDCls), ¢ [ppm]: 190.8, 176.2,
163.8, 136.5, 132.0, 130.0, 114.7, 81.0, 65.5, 47.4, 35.9, 27.1. MS (MALDI TOF):
m/z: 328.1 [M+H]|". Elemental analysis: Calculated for C;gH;7NO; (327.33): C
66.05, H 5.23, N 4.28: found: C 65.68, H 5.41, N 4.23.

To a solution of 3-ethyl-2,4-dimethylpyrrole (0.39 g, 3.16 mmol) and 3 (0.42 g,
1.43 mmol) in dry THF (75 mL), 5 drops of trifluoroacetic acid were added and
the solution was stirred overnight at room temperature. Then a solution of 2 3-
dichloro-5,6-dicyano-p-benzoquinone (0.32 g, 1.43 mmol) in dry THF (25 mL) was
added. After 5 h, the reaction was cooled to 0 °C, NEt3 (4.9 mL, 35 mmol) and
borontrifluoride diethyl ether complex (5 mL, 40 mmol) were added, and the reaction
was stirred for additional 15 h at room temperature. The solvent was evaporated and
the crude product was purified by column chromatography (1. EtOAc : nhexane =
55:45; 2. DCM : methanol = 97:3) to obtain 5 as an orange solid (0.41 g, 48 %). 'H
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NMR (300 MHz, CD,Cly), 6 [ppm]: 7.17-7.12 (m, 2 H, phenyl-H), 7.00-6.95 (m, 2 H,
phenyl-H), 6.49 (s, 2 H, protection group CH=CH), 5.19 (s, 2 H, protection group
CH-O-CH), 3.99 (t, J = 6.2 Hz, 2 H, O-CH,), 3.67 (t, J = 7.0 Hz, 2 H, N-CH,),
2.82 (s, 2H, maleimide-H), 2.46 (s, 6 H, pyrrole-CHz), 2.30 (q, J = 7.5 Hz, 4 H,
pyrrole-CHy-CHg), 2.10-2.02 (m, 2 H, CHy-CH,-CHs), 1.33 (s, 6 H, pyrrole-CHj),
0.97 (t, J = 7.5 Hz, 6 H, pyrrole-CH,-CH,). 3C NMR (75 MHz, CDCL), & [ppm]:
176.2, 159.2, 153.5, 140.3, 138.5, 136.5, 132.6, 131.2, 129.4, 128.0, 115.0, 81.0, 65.3,
A7.4, 36.2, 27.3, 17.1, 14.6, 12.5, 11.9. MS (MALDI TOF): m/z: 601.2 [M]+ 582.24
[M-F]*, 533.3 [M-furane]™, 514.26 [M-furane-F]*. Elemental analysis: Calculated
for C34H3sBFoN3O, (601.49): C 67.89, H 6.37, N 6.99; found: C 67.53, H 6.53, N
7.20.

Protected BODIPY 5 (0.26 g, 0.43 mmol) was dissolved in toluene (10 mL). The
reaction was stirred under reflux overnight. The solvent was then evaporated and the
crude product was purified by column chromatography (DCM). 6 was obtained as
an orange solid (0.19 g, 81 %). 'H NMR (300 MHz, CD,Cl,), § [ppm]: 7.16-7.12 (m,
2 H, phenyl-H), 6.97-6.94 (m, 2 H, phenyl-H), 6.68 (s, 2 H, maleimide-H), 4.02 (t, J
= 6.1 Hz, 2 H, O-CH,), 3.72 (t, J = 6.9 Hz, 2 H, N-CHs,), 2.45(s, 6 H, pyrrole-CHjs),
2.30 (q, J = 7.5 Hz, 4 H, pyrrole-CHy-CH3), 2.13-2.04 (m, 2 H, CHy-CH,-CHs), 1.33
(s, 6 H, pyrrole-CHz), 0.96 (t, J = 7.5 Hz, 6 H, pyrrole-CH,-CH3). 3C NMR (75
MHz, CD5Cly), § [ppm]: 171.2, 159.7, 153.8, 140.9, 139.1, 134.6, 133.2, 131.5, 129.9,
128.2, 115.4, 66.2, 35.6, 28.6, 17.4, 14.8, 12.6, 12.0. MS (MALDI TOF): m/z: 533.29
[M]*, 514.28 [M-F]*. Elemental analysis: Calculated for C3gH33BFoN3035(533.42):
C 67.55, H 6.42, N 7.88; found: C 66.57, H 6.50, N 7.73.

10 drops of trifluoroacetic acid were added to a solution of 2-(thiophen-2-yl)-1H-
pyrrole!') (0.54 g, 3.62 mmol) and 3 (0.54 g, 1.65 mmol) in dry DCM (75 mL)
and the solution was stirred overnight at room temperature. Then a solution of

2,3-dichloro-5,6-dicyano-p-benzoquinone (0.38 g, 1.65 mmol) in dry DCM (50 mL)
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was added. After 3 h, the reaction was cooled to 0 °C, NEt; (7 mL, 50 mmol),
and borontrifluoride diethyl ether complex (7 mL, 55 mmol) were added, and the
reaction was stirred overnight at room temperature. The solvent was evaporated
and the crude product was purified by column chromatography (1. EtOAc : n-
hexane = 7:3; 2. DCM : acetone = 9:1) to obtain 7 as a purple solid (0.22 g, 20 %).
"H NMR (300 MHz, CD,Cly), § [ppm]: 8.12 (dd, 3J = 3.8 Hz, 4J = 1.0 Hz, 2 H,
thiophene-H), 7.52 (dd, 3J = 5.1 Hz, 4J = 1.0 Hz, 2 H, thiophene-H), 7.50-7.47 (m,
2 H, phenyl-H), 7.19 (dd, 3J = 5.1 Hz, 3J = 3.9 Hz, 2 H, thiophene-H), 7.03-6.99
(m, 2 H, phenyl-H), 6.88 (d, 3J = 4.3 Hz, 2 H, pyrrole-H), 6.83 (d, 3J = 4.5 Hz, 2 H,
pyrrole-H), 6.50 (s, 2 H, protection group CH=CH), 5.20 (s, 2 H, protection group
CH-O-CH), 4.02 (t, J = 6.1 Hz, 2 H, O-CH,), 3.68 (t, J = 6.1 Hz, 2 H, N-CH,),
2.84 (s, 2H, maleimide-H), 2.13-2.04 (m, 2 H, CH,-CH,-CH,). MS (MALDI TOF):
m/z: 653.01 [M]T, 634.00 [M-F]*, 585.03 [M-furane]*.

The protected BODIPY 7 (0.21 g, 0.32 mmol) was dissolved in toluene (15 mL). The
reaction was stirred under reflux overnight. The solvent was then evaporated and
the crude product was purified by column chromatography (DCM). 8 was obtained
as a purple solid (0.16 g, 85 %). 'H NMR (300 MHz, CD,Cl,), § [ppm]: 'H NMR
(300 MHz, CD,Cly), § [ppm]: 8.12 (dd, 3J = 3.9 Hz, 4J = 1.0 Hz, 2 H, thiophen-H),
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7.52 (dd, 3J = 5.1 Hz, 4J = 1.0 Hz, 2 H, thiophen-H), 7.50-7.47 (m, 2 H, phenyl-H),
7.19 (dd, 3J = 5.0 Hz, 3J = 3.9 Hz, 2 H, thiophene-H), 7.03-6.99 (m, 2 H, phenyl-H),
6.88 (d, 3J = 4.4 Hz, 2 H, pyrrole-H), 6.83 (d, 3J = 4.4 Hz, 2 H, pyrrole-H), 6.70
(s, 2 H, maleimide-H), 4.06 (t, J = 5.9 Hz, 2 H, O-CH,), 3.74 (t, J = 6.8 Hz, 2 H,
N-CHy), 2.15-2.07 (m, 2 H, CHy-CHa-CH,). MS (MALDI TOF): m/z: 585.26 [M]*,
566.24 [M-F]*. Elemental analysis: Calculated for C3pHaoBF2N303S, (585.45): C
61.55, H 3.79, N 7.18, S 10.95; found: C 61.26, H 3.55, N 7.08, S 11.15.

CuBr
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Figure 6.7: Synthesis of anthracene substituted diblock copolymer An-PS-
POEGMA.
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Anthracene-9-ylmethyl-2-bromo-2-methylpropanoate!””'! (35.6 mg, 0.1 mmol), CuBr
(28.7 mg, 0.2 mmol, PMDTA(42 pL, 0.2 mmol) and styrene (1.5 g, 15 mmol) were
dissolved in anisole (2.5 mL). After three freeze-pump-thaw circles, the solution was
stirred at 110 °C for 2 h. The solution was then diluted by THF (5 mL), passed
through a column of neutral aluminium oxide, and concentrated in vacuo followed by
precipitation from methanol to obtain the polymer An-PS as a white solid. M,, gpc
= 4800 g-mol™!; M, /M,, = 1.18 (Figure 6.8). An-PS (200 mg), CuBr (14.4 mg, 0.1
mmol), PMDTA (21 uL, 0.1 mmol) and OEGMA (1.5 g) were dissolved in anisole
(2.5 mL). After three freeze-pump-thaw circles, the solution was stirred at 60 °C for
1 h. The solution was then diluted by THF (5 mL), passed through a column of
neutral aluminium oxide, concentrated in vacuo, and precipitated from n-hexane to
obtain the copolymer An-PS-POEGMA. Mn,GPC = 8100 g-mol™!; M,,/M, = 1.21
(Figure 6.8).
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Figure 6.8: GPC traces (UV /Vis detector, 254 nm) of An-PS (black) and An-
PS-POEGMA (red).

General synthesis of BODIPY labelled copolymers: An-PS-POEGMA (90 mg)
and BODIPY dyes 6 or 8 (2 equivalents) were dissolved in DMF (1.5 mL). The
reaction was stirred at 80 °C for 16 h. The solution was then diluted with DCM
(5 mL) and the polymer was precipitated from n-hexane. The crude product was
purified by column chromatography (DCM : THF = 1:1 — THF — THF : MeOH:
10:1) to obtain 6-An-PS-POEGMA and 8-An-PS-POEGMA as solids. GPC

analysis revealed no remaining unreacted BODIPY dyes.
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Figure 6.9: Labelling of the copolymer An-PS-POEGMA with BODIPY dyes
6 and 8 by a Diels-Alder reaction.
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Figure 6.10: GPC traces (UV /Vis detector) of 6-An-PS-POEGMA (black, 525
nm) and 8-An-PS-POEGMA (red, 600 nm).
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7. FCS in dilute polymer solutions:
accounting for the molar mass

dispersity

Fluorescence correlation spectroscopy (FCS) has become an important tool in poly-
mer science. Among various other applications the method is often applied to mea-
sure the hydrodynamic radius and the degree of fluorescent labeling of polymers in
dilute solutions. Here we show that such measurements can be strongly affected
by the molar mass dispersity of the studied polymers and the way of labeling. As
model systems we used polystyrene and poly (methyl methacrylate) synthesized by
atom transfer radical polymerization or free-radical polymerization. Thus, the poly-
mers were either end-labeled bearing one fluorophore per chain or side-labeled with
the number of fluorophores per chain proportional to the degree of polymerization.

The experimentally measured autocorrelation curves were fitted with a newly de-

1.0 T

1E-3 0.01

rived theoretical model that uses the Schulz-Zimm distribution function to describe
the dispersity in the degree of polymerization. For end-labeled polymers having
a molecular weight distribution close to Schulz-Zimm, the fits yield values of the
number average degree of polymerization and the polydispersity index similar to
those obtained by reference gel permeation chromatography. However, for the side-
labeled polymers such fitting becomes unstable, especially for highly polydisperse

systems. Brownian dynamic simulations showed that the effect is due to a mutual
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dependence between the fit parameters, namely the polydispersity index and the
number average molecular weight. As a consequence, an increase of the polydisper-
sity index can be easily misinterpreted as an increase of the molecular weight when
the FCS autocorrelation curves are fitted with a standard single component model,

as commonly done in the community:.

Reproduced with permission from:

D. Schaeffel, S. Yordanov R.H. Staff, A. Kreyes, Y. Zhao, M. Schmidt, K. Landfester,
J. Hofkens, H.-J. Butt, D. Crespy, K. Koynov: Fluorescence correlation spectroscopy
in dilute polymer solutions: effects of molar mass dispersity and the type of fluores-
cent labeling, ACS Macro Lett., 2015, 4, 171-176.

Copyright 2015 American Chemical Society

7.1. Introduction

Fluorescence correlation spectroscopy (FCS) is a sensitive and selective technique
for studying the mobility of fluorescent species, such as, small molecules, macro-
molecules or nanoparticles, in various environments.[" Commonly, the diffusion
coefficient, fluorescent brightness, and concentration of the fluorescent species are
measured and used to assess their size, aggregation behavior, interactions with other
species or to obtain information about the surrounding environment. ") While ini-
tially developed!”! and still predominantly used as a tool in molecular and cell
biology "l or to investigate colloidal systems!'”], during the last decade FCS has
also become an established technique in polymer science. "'l For example, diffusion of
molecular and macromolecular tracers in polymer solutions, '**“%'57%297 cross-linked
polymer networks, ['*'9%?>%] and bulk polymers”>" has been studied. FCS was also
applied to investigate the interfacial diffusion of homo- and co-polymers,!'*"*""] their
self-assembly in micelles!'”' or vesicles!"'"**") and even the process of polymeriza-
tion itself.[’) One of the most characteristic properties of polymers is their molar
mass dispersity. However, it is a common perception that compared to some classi-
cal techniques such as gel permeation chromatography (GPC) or photon correlation
spectroscopy (PCS), FCS is not sensitive to moderate variations in the size of the

studied polymers and thus to their molar mass dispersity. The reduced sensitivity
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is related to the rather slow, hyperbolic decay of the FCS autocorrelation function
compared to the exponential decay in PCS. Thus, in many FCS studies of polymers
the effect of polydispersity is neglected. Moreover, the method was never applied to
explicitly measure the polydispersity index of flexible chain polymers in solutions.
In this letter we show that in many practical cases, polydispersity may strongly
affect the experimentally measured FCS autocorrelation curves. If not properly ac-
counted for, this leads to errors in the estimated average molecular weight. Here a
key parameter is the kind of fluorescent labeling, e.g. end chain labeling with one
fluorophore per polymer chain vs. side chain labeling, with a number of fluorophores
proportional to the degree of polymerization. We explore these effects by deriving
a new theoretical model for the FCS autocorrelation function in the case of poly-
disperse polymers and comparing it to experimentally measured data and Brownian

dynamic simulations.

7.2. Theoretical section

7.2.1. Fluorescence Correlation Spectroscopy

In a typical FCS experiment, a laser beam is tightly focused into a solution of
the fluorescent species via a high numerical aperture microscope objective. The
emitted fluorescence is collected by the same objective and after passing through
a dichroic mirror, an emission filter and a confocal pinhole, delivered to a fast and
sensitive detector, usually an avalanche photo diode. These arrangements lead to
the formation of a sub-femtoliter observation volume Vs with a Gaussian ellipsoid
shape. Only fluorescence emitted from species inside V4 is detected. The Brownian
diffusion of the fluorescent species in and out of the observation volume V4 creates
temporal fluctuations in the detected fluorescence intensity 0 F'(¢) that are recorded

and evaluated in terms of an autocorrelation function:

(OF()0F(t + 7))
(F(1)?

For an ensemble of identical, freely diffusing fluorescent species, not affected by

G(r)=1+ (7.1)

photo-physical processes such as transition to a triplet state, G(7) has the following
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analytical form: ("]

1
G(r;m) =1+ WM(T;TD) (7.2)

with
1

1+ ) 14—
™ S2%m

Here, (N) is the average number of fluorescent species in the observation volume,

M(t;m) = (7.3)

S = zy/ro is the ratio of the axial to the radial dimension of Vs and mp is the

species’ diffusion time that is directly related to their diffusion coefficient

2

T
D=-% 4
47'D <7 )

and by the Stokes-Einstein relation to their hydrodynamic radius.

7.2.2. Multi-component FCS

For a more complex system, in which the studied fluorescent species are not identical,

the autocorrelation function can be expressed as:

1 foooP(TD>M<T;TD)€(TD)2dTD‘

G(r;mp) =1 5
(i) +<N> (Ji>° P(7p)e(mp)dm)

(7.5)
Here P(mp) is a size distribution function describing the number fraction of species
with certain size, and therefore certain diffusion coefficient and diffusion time .
The fluorescent brightness distribution function e(7p) accounts the fact that the
studied species may have also different fluorescent brightness e.g. due to a different
number of fluorophores attached to them.

Eq. 7.5 was previously considered by Starchev et al.l'’] who had approximated it
by a sum of large number (~ 30) of terms with discrete diffusion times using the
method of histograms. While representing an experimental autocorrelation curve
in this way is an ill-posed problem, by imposing additional regularization and con-
straint conditions the authors were able to estimate the polydispersity of dispersed
colloidal particles. Following a similar approach, Sengupta et al.l'’ have used a

Maximum Entropy Method based fitting routine (MEMFCS) to analyze FCS data

for polydisperse systems in terms of a quasi-continuous distribution of diffusing com-
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ponents. Here we use a different approach and instead of discretizing eq. 7.5, we
derive analytical expressions for P(p) and e(mp). In the case of fluorescently labeled
synthetic polymers dissolved in a good solvent this can be done by correlating the
diffusion time of an individual polymer chain to its degree of polymerization and
then applying a common continuous distribution function to describe the dispersity

in the degree of polymerization.

In dilute solutions the dynamics of a polymer chain with a high degree of polymer-
ization is described by the Zimm model.""! In the framework of this model, a scaling
dependence of the chain diffusion coefficient D on the degree of polymerization X
can be established. However, this relation is only an approximation and cannot be
applied to flexible chains in good solvents due to the subtle influence of excluded

volume effects. Thus, we used the empirical relation
D=KX" (7.6)

which was shown to describe very well experimental data obtained by PCS.[?0:27]
K and v are constants, which depend on the polymer and the solvent and can be
obtained by fitting published datal””"*""l on D(X) with eq. 7.6 as discussed below
and in the SI. Substituting eq. 7.6 in eq. 7.4 results in:

_ T (7.7)
TD—4K .

Next, we consider the fluorescent brightness distribution function () that is re-
lated to the number of fluorophores attached to a polymer chain with certain degree
of polymerization X and thus certain diffusion time . Two common cases should

be considered here:

(i) End chain labeling with one fluorophore per polymer chain and therefore e(X) =

const.

(ii) Side chain labeling, with a number of fluorophores proportional to the degree
of polymerization and e(X) = F(X), where F(X) is a proportionality function,

depending on further specifies of the labeling procedure as discussed below.

With these considerations in mind and by inserting eq. 7.7 in eq. 7.3 to obtain an
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analytical expression for M(7; X), eq. 7.7 can be rewritten in the form:

|y L POOM(r X)e(X)?dX

Gl X) = (N) ([ P(X)e(X)dX)?

(7.8)

Here P(X) is a continuous distribution function describing the dispersity in the
degree of polymerization of the studied polymer system. For example, for polymers
synthesized by atom transfer radical polymerization (ATRP) it was theoretically
predicted that P(X) should be a Poisson function. However, this prediction is based
on the assumption of 100 % monomer conversion and no side reactions' ') and thus is
often not applicable to real systems. A more realistic distribution function describing

the dispersity in the degree of polymerization is the Schulz-Zimm distribution: ']

$£+1 ngl X
PX) = Fien e (‘5@) (79)

with (X) being the number average degree of polymerization and £ = 1/(PDI — 1)
the chain coupling coefficient that is related to the polydispersity index PDI =
M, /M,. Here M, is the weight average molecular weight and M, the number

average molecular weight.

7.3. Results and Discussion

We used eq. 7.8 to fit experimental autocorrelation curves measured for dilute
toluene solutions of fluorescently labeled PS and PMMA and compared the obtained
values of (X) and PDI with the results of a GPC characterization. A detailed
description of the polymers synthesis and their characterization is given in SI. The
FCS experiments were performed on a commercial setup (Zeiss, Germany) consisting
of the module ConfoCor2 and an inverted microscope model Axiovert 200, following

a procedure reported earlier””"! and described in details in SI.

7.3.1. End-labeled polymers

First, several polymers (Table 7.1) prepared by atom transfer radical polymerization
(ATRP) were studied. The fluorophore was present in the initiator (SI) and thus one

fluorophore was attached per polymer chain. Typical experimental autocorrelation
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Figure 7.1: Experimental autocorrelation curves (symbols) measured in dilute
(~ 10 nM) toluene solutions of the polymers PMMA-I (a) and PS-
I (b). The lines in the upper panels represent the corresponding
fits with the polydisperse, (eq. 7.8, dash dotted line) and the
monodisperse (eq. 7.2, straight line) models. The low panels show
the corresponding residuals

curves and their corresponding fits using eq. 7.8 are shown in Figure 7.1. The fitting
was done using a standard least-squares nonlinear fitting procedure and numerically
evaluating the integrals in eq. 7.8 at each iteration step. Due to the one fluorophore
per chain labeling the chain fluorescent brightness does not depend on the degree of
polymerization, £(X) = const. This simplifies eq. 7.8 and leaves only the average
number of fluorescent species in the observation volume (N), the number average
degree of polymerization (X) and the polydispersity index PDI as fit parameters.
For comparison the experimental data was also fitted with a single component,
"monodisperse” model (eq. 7.2) as commonly done in previous studies. In this
case the fit parameters were only (N) and X. For both type of fits the values
of Kpg = 1.598 - 107 and &pg = 0.512 for PS and Kpyya = 1.885 - 107 and
Epvmva = 0.526 for PMMA were used to calculate the chain diffusion coefficient from
its degree of polymerization. These values were obtained by fitting experimental
datal”®* on D(X) with eq. 7.6. Only data in relatively narrow X range covering
the values of X of the polymers listed in Table 7.1 were used (SI).

As can be seen in Figure 7.1a for a sample with moderate molar mass dispersity,
PMMA-I (PDIgpc = 1.33, Table 7.1) the polydisperse model provides distinctly
better fit (lower and uniform residuals) than the monodisperse model. On the

other hand as shown in Figure 7.1b, for polymers with lower molar mass dispersity
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Table 7.1: Degree of polymerization and polydispersity index of end-labeled
PMMA and PS polymers as evaluated by GPC and FCS. The pa-
rameter (x?) represents the goodness of the fit.

Sample GPC FCS: Poly. Fit (eq. 7.8) FCS: Mono. Fit (eq. 7.2)
(X) PDI (X) PDI X2 107 Xpono. 2107
PMMA-I 149 1.33 111+2 1.34+0.07 1.5 102 +£5 3.3
PMMA-II 188 1.17 145+4 1.3240.1 3.2 1337 4.6
PS-1 76 121 62+3 1.17+0.13 11.6 60 £ 3 12.1
PS-1I 87 124 81+3 1.4940.12 3.8 72+4 6.9

e.g. PS-1 (PDIgpc = 1.21, Table 7.1) the difference between the fits with the two
models is barely visible. Nevertheless, even in this case the residuals (lower panel in
Figure 7.1b) highlight a slight improvement in fitting when applying the polydisperse
model. Moreover as shown in Table 7.1 for all studied polymers the polydisperse
model yielded lower x? values!”””) and therefore better fits than the monodisperse
model. These results indicate that FCS is sensitive even on small polydispersities of
polymers. In the same time, our findings also demonstrate the existence of a lower
border of PDI < 1.2 below which no significant difference between the standard
monodisperse model (eq. 7.2) and the polydisperse model (eq. 7.8) can be detected.

The results from both types of fits for all studied samples are summarized in Table
7.1) and compared to the respective GPC data (SI). Fitting experimental FCS data
of PS-T and PMMA-I with the polydisperse model (Figure 7.1) yielded PDI values
that within the error bars (nonlinear regression parameter confidence intervals of
95 %) were identical to the corresponding GPC values. We emphasize here that
the derived polydisperse FCS model (eq. 7.8) relies on the similarity of the molar
mass dispersity of the polymers to an ideal Schulz-Zimm distribution. PMMA-II
and PS-II are examples where the size distribution deviated significantly from the
Schulz-Zimm distribution (Figure S3 ¢ & d). Correspondingly, the FCS yielded PDI
values only in mediocre agreement with those from GPC. On the other hand, the
good agreement between the GPC and FCS data for the sample PMMA-I shows
that FCS can be used for measuring the molar mass dispersity of polymers even
when the molar mass distribution moderately deviates from an ideal Schulz-Zimm

distribution (Figure S3 a).

With respect to the values of the average degree of polymerization (X) obtained
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with the polydisperse FCS model (Table 7.1) for PS the agreement with the corre-
sponding GPC values is much better than for PMMA. This is probably caused by
more accurate data for D vs. X for PS than for PMMA (Figure S2). At this point,
it is also instructive to consider the results obtained by fitting the experimental FCS
autocorrelation curves with the simple monodisperse model (eq. 7.2) as it commonly
done in most existing studies. The results summarized in Table 7.1 indicate that
such fit yields a degree of polymerization value that is relatively close to the number
average value obtained by polydisperse FCS model fit or by GPC. Thus, the appli-
cation of this simple FCS model to single fluorophore labeled polymers is relatively

safe and provides reasonable results.

7.3.2. Statistically-labeled polymers

The situation changes qualitatively for side chain labeling. Here the number of
fluorophores per chain is proportional to the degree of polymerization. In such case
the dependence of the individual chain brightness on the degree of polymerization
e(X) = F(X) has to be considered, which complicates eq. 7.8 significantly. The
physical picture is that the longer chains carry more fluorophores than the shorter
ones and thus contribute stronger to the FCS autocorrelation curve, much as it
happens in PCS. In order to study such situation experimentally, we copolymerized
styrene and methacrylate functionalized BODIPY dye in a free radical solution
polymerization process yielding the polymer PS-III (ST). GPC revealed a number
average degree of polymerization (Xgpc) = 1863 and a PDIgpc = 2.49. Next,
we recorded experimental FCS autocorrelation curves for dilute toluene solutions
of PS-IIT and fitted them with eq. 7.8. We used values of Kpg = 2.304 - 107
and vps = 0.581 to describe the relation between diffusion coefficient and degree of
polymerization (eq. 7.6) for this high molecular weight sample (SI). Furthermore the
fits were done assuming linear dependence between the chain fluorescent brightness
(number of fluorophores per chain) and the degree of polymerization, i.e. e(X) =
A- X, with A = const. Such fitting, however, was not stable with respect to the
starting values of the fitting parameters and thus, failed to produce values of the
degree of polymerization (Xgcs) and polydispersity index PDIgcg consistent with
the GPC results.

Thus, in order to prove the general validity of our approach and identify possible
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Table 7.2: The degree of polymerization and the polydispersity index obtained
with FCS by fitting simulated autocorrelation curves for statistically
labeled polymers with degree of polymerization (Xgjy,.) = 1000 and
PDIsjy. ranging from 1.0 to 2.5.

Polydisperse Fit (eq. 7.8) Monodisperse Fit (eq. 7.2)

PDIsi.  PDlIpcs (Xrcs) XMono.
1.0 1.02 £0.02 979 £ 23 1031 £ 2
1.1 1.124+0.04 983 + 50 1201 =4
1.5 1.39£+£0.15 1109 4162 1798 + 13
2.0 1.794+0.38 1150 £ 312 2607 £ 24
2.5 3.21+2.22 762 + 603 3458 + 45

experimental pitfalls, we simulated "ideal experimental FCS autocorrelation curves”
for a system with perfect Schulz-Zimm distribution and chain fluorescent brightness
eX = A- X and fitted them with eq. 7.8. The simulation was done by adapting
a previously proposed fast simulation algorithm,”””) that produces autocorrelation
curves for freely diffusing point like particles with given diffusion coefficient and
fluorescent brightness (SI). Briefly, Schulz-Zimm distribution (eq. 7.9) was used as
a probability function for the generation of a chain with degree of polymerization
X. To model the statistical labeling every 100th repeat unit was set as carrying a
fluorophore, thus allowing only integer numbers of fluorophores per chain. This chain
was then considered as a point like particle with diffusion coefficient given by eq. 7.6
and fluorescent brightness essentially linearly proportional to X. By generating a
high number (~ 2-10°) of such chains/particles and propagating them with Brownian
dynamics procedure trough the FCS probing volumel””’! a highly accurate auto-
correlation curve was produced. Using this procedure we simulated experimental
autocorrelation curves for PS with number average degree of polymerization (Xgim )
= 1000 and different values of PDIgy, ranging from 1.0 to 2.5. Typical curves
and their fits with eq. 7.8 assuming ¢(X) = A - X are shown in Figure 7.2 and
the corresponding fit parameters are summarized in Table 7.2. The data show that
in all cases the fitting yielded (X) and PDI values that within the fit errors are

identical to the predefined values used in the simulations.

However, another important result from the fitting of the simulated autocorrela-

tion curves (Table 7.2) is that when increasing the molar dispersity of the simulated
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Figure 7.2: Simulated ”experimental” FCS autocorrelation curves for statis-
tically labeled polymers with different polydispersities (symbols)
and their fits (lines) with eq. 7.8. Also see Figure S5 for more
details.

polymer system, PDlg;, from 1.0 to 2.5 the errors of the obtained fit parameters
(Xpcs) and PDIpcg (for a nonlinear regression parameter confidence intervals of
95 %) increase from roughly 2 % to more than 80 % (Table 7.2). This suggests
an increasing mutual dependence between those two fit parameters. This mutual
dependence is also evident when considering the autocorrelation curves shown in
Figure 7.2. While all curves represent polymers with the same number average de-
gree of polymerization (X) = 1000, the increase of PDI has the same effect as an
increase of (Xpcs), namely shifts the decay of the correlation curves to higher lag-
times. The reason for this effect is the squaring of the fluorescent brightness €(X) in
eq. 7.8 which results in a stronger weighting of the longer, higher labeled polymer
chains. This result clearly demonstrates the danger of using the simple monodisperse
fit model (eq. 7.2) with respect to such FCS data as it misinterprets the increase
of PDI as an increase in the degree of polymerization (Table 7.2). Furthermore,
our data suggest that for such ideally statistically labeled polymer systems a sim-
ple monodisperse fit will yield X value that is even larger than the weight average

degree of polymerization.

We now return to the real polymer sample PS-III and note that is polydispersity
as measured by GPC is PDIgcs = 2.49. A comparison with the simulated ideal
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Figure 7.3: Experimental FCS autocorrelation curve measured in dilute
toluene solutions of the polymer PS-III (symbols) and calculated
FCS curve (solid line) using the polydisperse FCS model for a sta-
tistically labeled polymer (eq. 7.8). The values of (X) and PDI
in eq. 7.8 were fixed to the corresponding GPC values. The in-
set shows the GPC trace of PS-III (black line) and the fit with a
Schulz-Zimm distribution (red line).

samples (Table 7.2) shows that for PDIgy, of 2.5 the FCS fit errors reach 80 %.
On the other hand, a real sample does not have an ideal Schulz-Zimm molar mass
distribution (Figure 7.3) and the dependence between the number of fluorophores per
chain and the degree of polymerization may not be perfectly linear. Thus, it is not
surprising that the measured autocorrelation curve cannot be appropriately fitted
with the model of eq. 7.8. Thus, our results indicate that for highly polydisperse
systems, with a PDI above 2.0, the model (eq. 7.8) may not always provide a
stable fit to experimental FCS data of statistically labeled polymers. Nevertheless,
in order to further explore the limits of the model we applied it to fit the experimental
data for sample PS-III, by fixing one of the parameters, either (X) or PDI during
the fitting procedure to its GPC value (SI). This yielded (Xpcg) = 1960 + 47 and
PDlIpcs = 2.60£0.05, values that are basically identical to the GPC values showing
the successful representation of the experimental data with eq. 7.8. This is further
illustrated in Figure 7.3 that compares the experimental autocorrelation curve of
sample PS-III with a calculated curve using eq. 7.8 with (X) or PDI fixed to their
GPC values.
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7.3.3. Conclusion

In conclusion, we have shown that when FCS is used to characterize fluorescently
labeled polymers, their polydispersity and type of fluorescent labeling play an impor-
tant role. This can make the determination of the polymer hydrodynamic radius and
thus estimation of the molecular weight nontrivial, particularly when experimental
autocorrelation curves for polydisperse polymers are fitted with simple monodisperse
model as commonly carried out in existing studies. For polydisperse polymers bear-
ing one (or a constant number) of fluorophores per chain such fitting will provide the
number average value of the hydrodynamic radius. In contrast if the number of flu-
orophores per chain is proportional to the degree of polymerization the fit will yield
a significantly larger value. To address this issue we have derived a new model for
the FCS autocorrelation function that uses the Schulz-Zimm distribution function
to describe the dispersity in the degree of polymerization and an explicit relation
to connect the chain diffusion coefficient to its molecular weight. The validity of
the model and its limits were explored by comparing it to experimentally measured

data and Brownian dynamic simulations.

7.4. Supporting Information

7.4.1. Fluorescence Correlation Spectroscopy (FCS)

FCS experiments were conducted on a commercial setup (Zeiss) comprising an in-
verted microscope Axiovert 200M and the FCS module ConfoCor 2. A 25 mW
argon-ion laser at a wavelength of A = 488 nm was used for excitation. Through-
out all measurements a Zeiss alpha-Plan-Fluar 100x / 1.46 oil immersion objective
was utilized and fluorescence was filtered with a LP505 nm long pass emission fil-
ter (Zeiss). As sample cell an Attofluor® cell chamber (Molecular Probes) with
mounted microscope coverslip was used. All studied polymers were dissolved in
toluene (Aldrich) at concentrations of approximately 10~® M. The size of the FCS

observation volume was determined by calibration with PMI as a dye with known
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Figure 7.4: Experimental autocorrelation curves (symbols) and corresponding
fits using the monodisperse model, eq. 7.2 (straight line) and the
polydisperse model, eq. 7.8 (dash dotted line) on the samples
PMMA-II (a) and PS-II (b) measured in dilute toluene solutions.
The low panels show the respective residuals.

diffusion coefficient. """ Figure 7.4 shows the FCS fits of the samples PMMA-II, and
PS-II using the monodisperse FCS model (eq. 7.2) and the polydisperse FCS model
(eq. 7.8).

148



Supporting Information 7.4

7.4.2. Determining parameters describing the relation between
diffusion coefficient and the degree of polymerization of

polystyrene and poly (methyl methacrylate)

The relation between degree of polymerization and diffusion coefficient is given by
eq. 7.6 in the main paper as D = KX™”. We use data published by Wunderlich
et al.”l and Burchard et al.[*""] to find K and v (table 7.3). Figure 7.5 shows the
respective data and the corresponding fits. Only data in relatively narrow X range
covering the values of X of the polymers considered in this work were used in each

case.

Table 7.3: Values of K and v for PMMA and PS obtained by fitting data
published by Wunderlich et al.[?°”l and Burchard et al.[?°]

Sample K v

PMMA (1.885 +0.420) - 1072 0.526 4 0.040
PS (< 50kM,) (1.598 +0.093) - 10~? 0.512 4 0.010
PS (> 50kM,) (2.3044+0.198)-107° 0.581 £ 0.014

7.4.3. Synthesis of fluorescently labeled polymers by atom

transfer radical polymerization!']

Materials

2,3-Dichloro-5,6-dicyanobenzoquinone (DDQ) (Alfa Aesar), 4-hydroxybenzaldehyde
(Acros), 2-bromoethanol (Acros), 3-ethyl-2,4-dimethylpyrrole (Aldrich), methacry-
loyl chloride (Aldrich), boron trifluoride diethyl etherate (Merck), triethylamine
(Merck), trifluoroacetic acid (TFA) (VWR), 2-bromo-2-methylpropanoate bromide
(Merck), and dry THF (Acros) were used as received.

Characterization

'H NMR and *C NMR spectra were recorded on a Bruker AMX300 at room
temperature. All NMR measurements were performed in CDCl3 or CD,Cly with
the solvent residual peak as an internal reference [CHCI3: 6 = 7.24 ppm ('H) and
77.0 ppm (13C), CDyCly: § = 5.30 ppm (1H) and 53.0 ppm (*3C)].
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Figure 7.5: Diffusion coefficient of PMMA and PS vs. the degree of poly-
merization (symbols) and the corresponding fits with eq. 7.6 in
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Figure 7.6: Scheme for the synthesis of the polymerizable MMA-BODIPY 3.
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4-(2-Hydroxyethoxy)benzaldehyde (1). 4-Hydroxybenzaldehyde (5.0 g, 41
mmol) and 2-bromoethanol (6.7 g, 54 mmol) were dissolved in dry DMF (60 mL).
K>;CO3 was then added and the mixture was stirred at 80 °C overnight. After
filtration, the solvent was evaporated and the crude product was purified by column
chromatography (hexane:ethyl acetate = 2:3). 1 was obtained as a colorless oil (2.4
g, 35 %). 'H NMR (CDCl3, 300 MHz), ¢ [ppm]: 9.92 (s, 1 H, aldehyde-H), 7.89-
7.85 (m, 2 H, phenyl-H), 7.07-7.03 (m, 2 H, phenyl-H), 4.21-4.18 (m, 2 H, O-CHs),
4.05-4.02 (m, 2 H, CH,-OH). 3C NMR (75 MHz, CD,Cly), § [ppm]: 191.5, 164.4,
132.3, 130.4, 115.2, 70.3, 61.3. MS (FD): m/z: 165.7 [M]*.

Hydroxyethoxy-BODIPY (2). 1 (1.0 g, 6.0 mmol) and 3-ethyl-2,4- dimethyl-
pyrrole (1.7 g, 13.8 mmol) were dissolved in dry THF (70 mL). Ten drops of trifluo-
roacetic acid were added and the solution was stirred overnight at room temperature.
A solution of DDQ (1.36 g, 6.0 mmol) in dry THF (30 mL) was added dropwise and
the reaction was stirred for an additional 5 h. NEt3 (21 mL, 150 mmol ) was
then added and the reaction was cooled to 0 °C. BFy*Et,O (20 mL, 160 mmol)
was added and the reaction was stirred overnight. The solvent was evaporated and
the crude product was purified by column chromatography (hexane:ethyl acetate =
1:1). 2 was obtained as red solid (1.1 g, 41 %). 'H NMR (CD,Cl,, 300 MHz), §
[ppm]: 7.20-7.15 (m, 2 H, phenyl-H), 7.05-7.00 (m, 2 H, phenyl-H), 4.13-4.10 (m,
2 H, phenyl-O-CHs), 3.97-3.94 (m, 2 H, CH5-OH), 2.46 (s, 6 H, pyrrole-CHj3), 2.30
(q, J = 7.5 Hz, 4 H, pyrrole-CHy-CHj3), 1.33 (s, 6 H, pyrrole-CHj), 0.96 (t, J =
7.5 Hz, pyrrole-CH,-CH3). '3C NMR (75 MHz, CDCl3), § [ppm]: 158.5, 153.0,
139.5, 137.9, 132.2, 130.6, 129.0, 127.8, 114.5, 68.7,60.9, 16.5, 14.1, 12.0, 11.3. MS
(MALDI-TOF): m/z: 440.10 [M]*, 421.07 [M-F|*. Elemental analysis: Calcd. for
CosH31BF3N,O4 (440.33): C 68.19, H 7.10, N 6.36; found: C 67.89, H 6.89, N 6.32.

Methacrylate-BODIPY (3). 2 (0.25g, 0.57 mmol) was dissolved in dry THF
(25 mL). NEt; (0.4 mL, 3 mmol) was added and the reaction was cooled to 0
°C. Methacryloyl chloride (0.1 mL, 1 mmol) was then added and the reaction was
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stirred overnight at room temperature. Diluted hydrochloric acid (40 mL) was
added and the mixture was extracted with DCM (3 x 30 mL). After drying over
NaySO,4 and evaporation of the solvent, the crude product was purified by column
chromatography (hexane:ethyl acetate = 2:1). 3 was obtained as a red solid (0.13
g, 45 %). '"H NMR (CDCls, 300 MHz), § [ppm]: 7.18-7.13 (m, 2 H, phenyl-H), 7.02-
6.98 (m, 2 H, phenyl-H), 6.17 (bs, 1 H; C=CH,), 5.60 (bs, 1 H, C=CH,), 4.54-4.51
(m, 2 H, CH"-O-MMA), 4.29-4.26 (m, 2 H, phenyl-O-CH,), 2.50 (s, 6 H, pyrrole-
CH,), 2.28 (q, J = 7.6 Hz, 4 H, pyrrole-CH2-CH3), 1.97 (s, 3 H, MMA-CHj3), 1.31
(s, 6 H, pyrrole-CH3), 0.96 (t, J = 7.6 Hz, pyrrole-CH,-CHj3). MS (MALDI-TOF):
m/z: 508.10 [M]*, 489.07 [M-F|*. Elemental analysis: Calcd. for C3gH3sBFoN,O3
(508.41): C 68.51, H 6.94, N 5.51; found: C 68.62, H 6.89, N 5.42.

OH Br Br o Br 1.TFA N
2.DDQ H
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— —_—
THF THF
0’ 0’

Figure 7.7: Synthesis of the BODIPY ATRP initiator (5).
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4-Formylphenyl 2-bromo-2methylpropanoate (4). 4-Hydroxybenzaldehyde
(1.5 g, 12.3 mmol) was dissolved in dry THF (50 mL). NEt3 (6 mL, 43 mmol) was
added and the reaction was cooled to 0 °C. A solution of 2-bromo-2-methylpropanoate
bromide (4.3 g, 1 mmol) in dry THF (10 mL) was then added and the reaction was
stirred overnight at room temperature. Diluted hydrochloric acid (70 mL) was
added and the mixture was extracted with DCM (3 x 50 mL). After drying over
NaySO, and evaporation of the solvent, the crude product was purified by column
chromatography (hexane:ethyl acetate = 5:4). 4 was obtained as a white (2.5 g, 75
%). 'H NMR (CDCl3, 300 MHz), ¢ [ppm]: 9.95 (s, 1 H, aldehyde-H), 7.91-7.87 (m,
2 H, phenyl-H), 7.28-7.25 (m, 2 H, phenyl-H), 2.04 (s, 6 H, CH3).

BODIPY ATRP initiator (5). 4 (0.58 g, 2.14 mmol) and 3-ethyl-2,4-dimethyl-
pyrrole (0.58 g, 4.71 mmol) were dissolved in dry THF (60 mL). Ten drops of trifluo-
roacetic acid were added and the solution was stirred overnight at room temperature.
A solution of DDQ (0.49 g, 2.14 mmol) in dry THF (20 mL) was added dropwise
and the reaction was stirred for an additional 5 h. NEts (9 mL, 64 mmol) was
then added and the reaction was cooled to 0 °C. BF3*Et,O (9 mL, 73 mmol) was
added and the reaction was stirred overnight. The solvent was evaporated and the
crude product was purified by column chromatography (hexane : ethyl acetate =
4:1). 5 was obtained as red solid (0.65 g, 56 %). 'H NMR (CDCl3, 300 MHz), §
[ppm]: 7.34-7.30 (m, 2 H, phenyl-H), 7.27-7.24 (m, 2 H, phenyl-H), 2.51 (s, 6 H,
pyrrole-CHjs), 2.28 (q, J = 7.5 Hz, 4 H, pyrrole-CHy-CH3), 2.08 (s, 6 H, C(CHj)2),
1.31 (s, 6 H, pyrrole-CHs), 0.96 (t, J = 7.5 Hz, pyrrole-CH,-CH3). 3C NMR (75
MHz, CD,Cly), & [ppm]:170.4, 154.3, 151.7, 139.6, 138.9, 134.0, 133.5, 131.1, 130.1,
122.4, 56.0, 30.8, 17.4, 14.8, 12.7, 12.0. MS (MALDLTOF): m/z: 544.17 [M]",
525.11 [M-F]*, 465.17 [M-Br]™, 446.15 [M-Br-F]*. Elemental analysis: Calcd. for
Co7H3oBBrFsN,Os (545.27): C 59.47, H 5.92, N 5.14; found: C 59.70, H 5.21, N
5.10.
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7 FCS in dilute polymer solutions: accounting for the molar mass dispersity

Typical procedures for the synthesis polymers from initiators 5:

PMMA. A flame dried one-necked flask was charged with CuBr (8.8 mg, 62
pmol), PMDTA (13 ul, 62 pmol), 5 (16.9 mg, 31 pumol), methyl methacrylate (1 g,
10 mmol), and anisole (3 mL) under argon. After three freeze-pump-thaw circles, the
polymerization was conducted at 65 °C for 1 h. The mixture was then diluted with
THF (5 mL) and passed through a column of neutral alumina. The concentrated

polymer solution was precipitated twice from methanol and then dried in vacuo.

PS. A flame dried one-necked flask was charged with CuBr (28.7, 0.2 mmol),
2,2-bipyridine (31.2 mg, 0.2 mmol), 5 (54.5 mg, 0.1 mmol), styrene (1.5 g, 15
mmol), and anisole (2.5 mL) under argon. After three freeze-pump-thaw circles, the
polymerization was conducted at 110 °C for 2 h. The mixture was then diluted with
THF (5 mL) and passed through a column of neutral alumina. The concentrated
polymer solution was precipitated twice from methanol and then dried in vacuo.
The molecular weight of the polymers could be adjusted by variation of the reaction

time.

Characterization

The molecular weight as well as the polydispersity index (PDI) of the polymers
were measured by GPC with an Agilent Series 1260 device equipped with a PSS
SECcurity pump and a UV detector at 488 nm wavelength (1260 VWD). The UV
detector was chosen since it provides detection based on the absorption of the at-
tached BODIPY dye which makes it comparable to what is detected in the FCS
measurements. Three columns in a row (SDV) comprising pore sizes of 10°, 10?
and 50 nm respectively were used. THF was used as an eluent at a flow rate of 1.0
mL/min and at a temperature of 30 °C. Calibration curves were measured with PS
or PMMA as reference for the PS and PMMA samples, respectively. Additionally
all GPC traces were fitted with a Schulz-Zimm distribution function (eq. 7.9) as

shown in figure 7.8.

7.4.4. Synthesis of the polymers by free-radical polymerization

Materials
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Toluene (Sigma-Aldrich, 99.7 %), methanol (Fluka, 99.99 %), and the fluores-
cent dye MMA-BODIPY were used without further purification. Styrene (Merck,
99 %) was purified on a column packed with neutral aluminum oxide (Merck) be-
fore use. The initiator 2,2’-azobis(2-methylpropionitrile) (AIBN, Fluka, 98 %) was

recrystallized from methanol prior to use.

Synthesis

The polymer PS-IIT was synthesized by free radical polymerization in solution.
0.1 mg AIBN and 10 mg MMA-BODIPY were dissolved in 500 mg styrene and 500
it L toluene. Argon was bubbled through the solution for 5 min. Afterwards, the
temperature was increased to 72 “Cwhile stirring at 500 rpm for 100 h. Subsequently,

the viscous polymer solution was precipitated into 200 mL. methanol, filtrated and
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Figure 7.8: GPC traces (straight line) and Schulz-Zimm Fits (eq. 7.9) of BOD-
IPY labelled PMMA and PS: PMMA-I (a), PMMA-II (c), PS-I
(b), PS-IT (d) and PS-II (d) (UV detector).
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7 FCS in dilute polymer solutions: accounting for the molar mass dispersity

dissolved in toluene again. After precipitation in methanol, the polymer was dried

in vacuo at 60 °“Covernight.

Characterization
a' — Absorption MMA-BODIPY b) — Abserption PS-1II
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Figure 7.9: The fluorescence of the dye MMA-BODIPY (a) and PS-III remains
after polymerization.

GPC characterization was similar to the characterization of the other polymer
samples (see above). The spectra of the free dye and of the polymer were measured
on a Tecan Plate Reader Infinite M1000 in THF solution (see Figure 7.9). For the

fluorescence spectra, an excitation wavelength of 524 nm was employed.

7.4.5. Brownian dynamics simulations

Algorithm

The previously proposed fast TIR-FCS simulation algorithm[*""! was adapted for
the present FCS case. Briefly, Schulz-Zimm distribution (eq. 7.9) was used as a
probability function for the generation of a chain with degree of polymerization X.
To model the statistical labeling every 100th repeat unit was set as carrying a flu-
orophore, thus allowing only integer numbers of fluorophores per chain. This chain
was then considered as a point like particle with diffusion coefficient given by eq.
7.6 (main text) and fluorescent brightness essentially linearly proportional to X. By
generating a high number (~ 2-10°) of such chains/particles at initial 3D positions
assigned with a probability density proportional on the FCS 3D Gaussian observa-

tion volume, propagating them with Brownian dynamics procedure and averaging
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their individual contributions””), highly accurate auto-correlation curve is created.
Figure 7.10 shows the generated FCS autocorrelation curves for the simulated PS
polymer samples having the same number average degree of polymerization (X) =
1000 and polydispersity indecies PDI of 1.0, 1.5, 2.0 and 2.5 respectiveley. The fits
with the polydisperse (eq. 7.8 in the main text) and the monodisperse (eq. 7.2 in

the main text) models and the corresponding residuals are also shown.
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Figure 7.10: Simulated autocorrelation curves (symbols) of PS polymers with
an average degree of polymerization of 1000 and polydispersity
indices PDI of 1.0 (a), 1.5 (b), 2.0 (c) and 2.5 (d) in toluene
solutions. The corresponding fits using the monodisperse model,
eq. 7.2 (straight lines) and the polydisperse model, eq. 7.8 (dash

dotted lines) are also shown. The low panels show the respective
residuals.
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7 FCS in dilute polymer solutions: accounting for the molar mass dispersity

7.4.6. Additional FCS data of sample PS-III
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Figure 7.11: Experimental autocorrelation curves (symbols) of sample PS-ITI
fitted with eq. 7.8 (line) by either fixing (X) (a) or the PDI (b)
to their GPC-value.

Figure 7.11 shows the fits of eq. 7.8 to the experimental autocorrelation curve of
sample PS-III while fixing either (X') to 1863 or the PDI to 2.49 which corresponds
to the measured GPC-values. The fit yields PDIgcs = 2.60 & 0.05 or (Xpcs) =
1960 =+ 47, respectiveley.
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8. Conclusions

In this thesis I studied the interaction and exchange between polymeric colloids. The
main experimental technique I used was DC FCCS. Two different processes were
studied. One is the preparation of polymeric nanoparticles from emulsion droplets
and the second is the dynamic equilibrium exchange of building molecules between
amphiphilic diblock copolymer micelles.

Coalescence is believed to be a major reason for the huge size distribution often
observed in the nanoparticles suspension formulated by the SEED process. So far,
only DLS was used to study the influence of coalescence which was found to be not
suitable since the determined diameters of the droplets/particles depend of diluent
and dilution. Other methods like, FCS, Zeta-potential measurements, cryo-TEM
and FRET hint towards a minor role of coalescence but do not allow its quantifica-
tion. However, DC FCCS was found to be a fast and reliable method to directly and
unambiguously quantify coalescence. By additionally applying reverse Monte Carlo
simulations I could show that coalescence does not play an important role during
the SEED process and is not the reason for the huge size distribution observed in the
final nanoparticles suspension. This hints towards the need of increased efforts to
enhance the fabrication mechanism itself to reduce polydispersity. Furthermore, to
corroborate the reliability of DC FCCS experiments for coalescence determination,
I studied two other procedures for nanoparticles preparation. The results show that
coalescence only plays a minor role within the preparation of polystyrene nanoparti-
cles by minimemulsion polymerization. On the other hand, during the formation of
nanocapsules from alkoxysilanes by interfacial polycondensation coalescence indeed
plays a role.

The second colloidal system I studied were amphiphilic diblock copolymer mi-
celles. DC FCCS was able to track the exchange and moreover quantify the ex-
change kinetics of building molecules between the micelles in thermodynamic equi-
librium. So far, for such experiments only TR-SANS was used. A major advantage
of DC FCCS is here, that it uses tabletop equipment and fluorescence labeling which
makes the approach accessible to a large research community. The linear-brush block

copolymer PS-POEGMA was chosen as a model system forming micelles compromis-
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8 Conclusions

ing a short and bulky corona. Within the framework of earlier reported theories!”""!
I could verify that single molecule exchange is the dominating exchange mechanism.
Moreover, by studying the exchange in different solvents and at various temperatures
I was able to quantify the degree of swelling of the PS micelle core when exchange
is observed below the nominal glass transition of the core forming PS. This shows,
that solvent quality is of fastidious importance and allows extensive tuning of the
exchange kinetics.

A property that the fabricated nanoparticles and the synthesized block copoly-
mers have in common is polydispersity. I explored the effect of polydispersity on
FCS measurements using fluorescently labeled polymers as model system. The poly-
mers where either end-labeled with one dye per chain or statistically copolymerized
with monomer bearing a fluorescent dye. A Schulz-Zimm distibution was introduced
into the classical monodisperse FCS model directly accounting for polydispersity of
the polymers and their fluorescence brightness distribution. This approach allowed
evaluating the PDI by fitting the experimental FCS curves and yields results similar
to GPC if the shape of the molar mass distribution does not deviate too strong from
the assumed one. Furthermore, I used Brownian dynamics simulation to simulate
ideal experiments and explore the range of validity of the new model. The results
show the danger of fitting when experimental autocorrelation curves of a polydis-
perse system are fitted with the standard monodisperse model. This is commonly
done throughout existing studies and might lead to false interpretation of the data
when the influence of brightness distribution is not properly taken into account. In
my case a fitting of the polymers bearing one and thus a constant number of dyes
per chain with the monodisperse model will provide a value very close to the number
average molecular weight of the molar mass distribution of the polymer. In contrast
having a statistically labeled polymer the fit will yield a value even larger than
the weight average molecular weight. Moreover, FCS has the capability not only
to resolve size polydispersity of polymers but also to determine their fluorescence

brightness distribution.
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FCS
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cryogenic transmission electron microscopy
cetyltrimethylammonium chloride

copper(I) bromide

diode array detector

dual color fluorescence cross correlation spectroscopy
dichloromethane

dynamic light scattering

Derjaguin; Verwey; Landau and Overbeek
dimethylformamid

deoxyribonucleic acid

ethyl cellulose

full correlation fluorescence correlation spectroscopy
fluorescence correlation spectroscopy

fluorescence intensity distribution analysis
fluorescence resonance energy transfer

gel permeation chromatography

high pressure liquid chromatography

internal conversion

image plane

infrared
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B List of Abbreviations
MALDI TOF matrix assisted laser desorption/ionization and time of
flight
MDE molecular detection efficiency
MEP miniemulsion polymerization
MW microwave
NA numerical aperture
NC nanocontainer
PLA [1-(4-nitrophenyl)-2-pyrrolidinmethyl]
OEGMA oligo(ethylene glycol) methyl ether methacrylate
PC polycondensation
PCH photon counting histogram
PDI polydispersity index

PDMS-b-PMOXA
PLA

PMDTA

PMI

PS

PS-POEGMA

PSF
Q

RI
RNA

SANS
SDS
SEED
SEM
5104
siRNA
SPAD
TCSPC
TEOS
THF
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poly(dimethylsiloxane)-block-(2-methyloxazoline)
poly(lactic acid)
N;N;N”;N’;N”-pentamethyldiethylenetriamine
N-(2;6-diisopropylphenyl)-perylene-3;4-dicarbonacidimide
polystyrene
polystyrene-block-poly|oligo(ethylene glycol) methyl ether
methacrylate]

point spread function

quenching

refractory index

ribonucleic acid

electronic state

small angle neutron scattering

sodium dodecyl sulfate

solvent evaporation from emulsion droplets
scanning electron microscopy

silicon dioxide

small interfering ribonucleic acid
single-photon-counting avalanche photo-diode
time correlated single photon counting
tetraethyl orthosilicate

tetrahydrofuran



TR-SANS
uv

VdW

VIS

PLA
WLF

time resolved small angle neutron scattering
ultraviolet

van der Waals

visual

9-vinylphenanthrene

Williams-Landel-Ferry
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