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Abstract

The present dissertation invegties two polyacrylate (PA) systenmsdilute aqueous
solutions commercially available long linear Péhains angpherical polyacrylate brushes
(SPB9 composed opolystyrene (PSgores and PAhells which weresynthesizeds part
of the thesis. Investigation of these two systems addréssiespecific interactionsith
Ag’ ionsand their potential use in preparing silver nanoparticlesNRg) Formation of
silver acrylatecomplexesin both linear PAchains(Ag*-PA) and SPBYAg*-SPB)were
analysed by means sfatic and dynamic light scatterif§LS/DLS) Based on numerous
SLS/DLS experimentsnade witheachPA morphology phase diagrams which describe
the solubility behaviour oAg*-PA and Ag-SPB solutionswere deduce@dnd compared
with phase diagrams established for the correspondingsyB#&ms interaaty with
alkaline earth cationsThe interaction patterof linear PAchainswith monovalent Ag
ions depend on the ratio of [AJ)/[COQ] disclosng a diverse set of AgPA entities
including homogeneous low density aggregates, dense unstable and dense stable
aggregatesThe solubility behaviour of AgSPB solutions is less complard comprisea
line whereshrinking of the PAshell reaches the state of a fully collapsed slagitl a
second line whereoagulation of Ag-SPBsoccurs. Both lines arevell separatedy a
regime of stable AGSPB with a fully shrunk PAayer. Based onthe investigated
properties oboth Ag*-PA and Ag-SPB solutions, AdNP formationinduced by exposure
of both systemsto UV-light, without application of an additional reducing agemas
analysed.UV-vis spectroscopySAXS/ASAXS, SEM and TEM were useds additional
methodgo characterizeAg-NP formationembeddedn PA-matrices In case of linear PA
chainsdense unstabl&g’-PA aggregates lead to assemblies ofdM@supon exposure to
UV-light, whereby the number of APs per assembly could be tuned by the size of the
denseunstable aggregates achievieg varying thepreceding aging timeDense stable
Ag’-PA aggregates lead to entities with predominantly singleNRs Ag-NP formation
generated in SPB solutions showed that independent of the brush parametietheor
regime of Ag concentratioralow amount ofAg-NPsper SPB particlsimilar in size and
amount were generated. The decoration of SPB withNRg has beerenhanced
successfullyy applying an additional chemical reducing agent (NBH



Zusammenfassung

In der vorliegenden Arbeit wird dispezifische Wechselwirkung von Silberkationen
(Ag") mit zwei unterschiedlichen Polyacrylat (R8ystemen in wassriger Ldsung
untersucht. Wahrend ein P3ystem aus kommerziell erhdltlichen langen, linearen PA
Ketten besteht, ist das andere System aus sphéarigcieiden gebildet(SPB), die aus
einem Polystyrd(PS-Kern und einer PAHUlle aus birstenartig angebrachten kurzen
Polymerketten bestehen.

Durch systematischeichtstreuexperimente an beiden f4stemen wurde zunachst
derenLdslichkeitsverhalten in Wassbei Anwesenheit vorsilberionenuntersuchund in
Phasendiagrammen zusammengefasst. In Abhangigkeit des VerhaltnisSEECQ]
konnten fur die linearen P/ Losungdrei verschiedem Bereicheidentifiziert werden:
neben homogenen AdPA Aggregaten geringer Dicht¢homogeneous low density
aggregate} lieBen sichbei Erhéhungder Ag*-Konzentrationerinstabile (dense unstable
aggregatel sowie stabile (dense stableaggregates Aggregate mit hoher Dichte
nachweisen. Fir AgSPB Systeme wurdein einfahieres Phaseverhalten als bei den
linearen PAKetten gefunden. Eine Schwellbei vergleichsveise niedrigen Ag'-
Konzentrationen entsprach demaximalen Schrumpfung der P3chale. Eine zweite
Schwellebei hoheren AKonzentrationezeigte die Koagulatioder Ag-SPBan.

Aufbauend auf da Phasenverhaltewurde die durch UM.icht initiierte Reduktion
von Ag'-lonen zu Silbernanopartikeln ¢ANPs) in beiden PASystemenuntersucht,
zunachst in Abwesenheit eines zugesetzten Reduktionsmittels. dRiegePA-Matrices
unterstutzte Synthese von APs wurde neben Lichtstreutechniken auch mittelsvi$v
Spektroskopie, SAXS/ASAXS, SEM und TEM charakterisiert. Es konnte zunachst
festgestellt werden, dass sich in einer dichten-MRBrix aus instabilen AGPA
Aggregaten(derse unstable aggregadesasch makroskopisch&ssemblateaus kleineren
Ag-NPs bilden. Die GesamtgrolRe diegexsemblate hingyon der GroRe der als Matrix
verwendeten AGPA Aggregate ab undieR sich somit Uberdie Alterungsiauer der
instabilen Aggregatedénse unstable aggregajetirekt steuern. Demgegenuber fuhrt eine
Reduktion von Agin stabilen, sehr dichten A¢PA Aggregater{dense stable aggregajes
hauptséachlich zu kleinen AgPs ohneAssemblabildung. Fur dieSPB-Partikel konnte
gezeigt werden, dasine UVinitiierte Reduktion unabhéngig von der Beschaffenheit der
PA-Hulle oder der Silberkonzentration nur zu wenigen, kleinerNRgpro SPBKaolloid
fuhrt. Durch Zugabe von NaBHals Reduktionsmittel konnte erfolgreich die Anzahl und
GroRRe der Silberpartikel in der PHille der SPBs unter kontrollierten Bedingungen
erhoht werden.
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1 Introduction

1.1 State ofthe Art

1.1.1 Polyelectrolytes in the Presence of Counterions

For neutral polymers in dilute solution the solvent quality is usually modified by a
temperature change. With decreasing solvation power (usually decreasing the temperature)
the chain confonation undergoes a shrinking. Polyelectrolytes, whose behavior is
governed by electrostatic forces, in dilute solution exhibit striking analogies to this
behavior if an additional salt is present.

Dominated by electrostatic forces interactions betweeyefsatrolyte chains and inert
sals, such as NaCl or Ndb§, in aqueous solutions are used by counterion
condensatiofil, 2]. The counterions screen the electrostatic repulsion between charged
groups along the polyelectrolyte chains, inducing a decrefafige coil dimensions and
affecting the solubility[2-5]. At very high salt concentration, the coils may even
precipitate ¢doeuntoot eed-typequradipiationgH].n gThe -t eped AH
originates from the fact that the concentratioineft salt required to cause precipitation is
high and independent of the polymer concentration. In some cases if the inert monovalent
salt concentration is further increased, polyelectrolyte chains may become redissolved.
Consequently, this redissolutions denot ed as 78]salting ino eff

In contrast to this nespecific screening by inert salts, alkaline earth cations or heavy
metal cations interact strongly with various polyelectrolytes such as anionic PA cHains [

The concentration of these sfecally interacting cations per monomer unit of the
polymer chaine.g. anionic residue COO-group necessary for reaching the precipitation

i mit is much | ower than the ont¢heref@equi r ed
this kind of phase separation is denoted dgpe precipitation§, 9, 10]. Further increase

of the counterion concentration leads to an aggregation process and macroscopic
precipitation of the polyacrylate.

This transformation ofsingle chais to aggregates in the presence of specifically
interacing cations can be represented &yphase diagram. An important feature of this
phase diagram ithe aforementionegrecipitation threshold6, 10]. The precipitation of
fully dissociated NaPA causéxy the addition of specifically interacting catioihd™), at a
molar concentration [M]., obeys the following linear relationsHipQ]

[M™]c = m+ ro[NaPA]. (1.1)



where the critical polymer concentration [NaRAg expressed in terms of the molar
concentration of CO@yroups. The slopg indicates a stoichiometric amount of per
COO-residues, necessary to precipitate the polyelectrolyte chains. The intencept
corresponds to the lowest critical concentratimeshold [M™]. necessary to precipitate a
polyelectrolyte at infinite dilution. This intercept depends on the ionic strength of the
solution induced by an additiahinert salt, since the inert salt exerts a certain ion
exchange pressure on the speaificinteracting cationfll].

Intermediates of the coils can be trapped upon approatiméngrecipitatiorthreshold
by stepwise adjusting the ratio of [Ff[COO7]. Theshrinking of CA™-PA becomes largest
at the precipitation threshold, whdPé chains adopt the shape of a collapsed spHdie
While light [11] and smallangle neutron scatterirjd2, 13] indicated a pearlneckladie
shape of the shrinkin§A coils with C&*-COO complex nodules, ASAXS experiments
for the first timeshowed in aquantitativemanner theextent of decoration of the NaPA
coils with SF*, being predominantljocated in the nodulgséarls[14]. Experiments with
CU** ions [15] revealed a pattern which partly differs from the one established for the
alkaline earth catizs. The extent of shrinkingchieved at therecipitationthresholdis
considerably smaller and the aggregates, which precede the actual pre@péatess
densq15].

A comparison of the precipitation threshollmongCa’*, SF* and B&" revealed that
the stoichiometric amount of cations required to precipitate NaPA is decreasing with
increasing mic number of the alkaline earth catipt6]. In the case of heavy metal
cations such as Gliand PB, interactionwith PA-coils iseven strager than those exerted
by alkaline earth cation§l5,17,18]. Thus thke critical salt concentration was lower
compared to the divalent alkaline earth cations and the location of the precipitation
threshold was much less sensitive to ion exchamgesureexerted by an inert sgi5].
Although no systematic study was done on thé-Rg systeman investigation of1 few
Ag’-PA solutionsdemonstrated that strong change of all molecular parametarsurs if
a few percent of CO@roups were decorated By’ ions[19].

As in Htype precipitation, redissolution of the precipitatehe presence of specifically
interacting cationsmay also occur. Two origins for this redissolution a@jigen in
literature. Due to the complexation of multivalent cations some backbone sectibres of
polymer coil are positively charged and fully dissociated sections are negatively charged.
Therefore, one possible reason for redissolution is a screening atiedtrenteractions
between oppositely charged backbone sections while the concentration of multivalent ions
is significantly increasef¥, 20]. Alternatively,monodentate binding of multivalent cations
may surpass the point of electmeutrality and leaddo a charge inversion of the
polyelectrolyte chains, which then become redissolvahi2]].



1.1.2 The Role of PA in the Photoreduction of Ag *ions

A photochemical decomposition process of /&&A compounds (Figuré.1) to Ag-sols
had been first reported by Kubal in 19&2]. When a hydrophilic alkaline PA solution is
added to AgN@ solution a whitish gelatinous precipitate is formed. Exposed to light it
becomes quickly lemon colored. After a longer time in diffusediglatythe precipitate
turns into red and after some days it changes into dark violet. Direct sunlight alght/V
accelerate the photochemical reduction of &gs, whereag\g*-PA solutionpreparedn
the absence of actinic light changes color very slbiis visibility study suggested that
various colours of the solutions indicate that the photochemical decomposition is
accompanied by the formation of colloidal silver at various degrees of polydisp@@ity [
Thus one year later Kuba23)] investigatedthe irradiated aqueous solutions of AgN®
the presence of polymethylmethacrylate chains in more detail and concluded that size
dispersity of the silver hydrosols can be varied with type and duration of the radiation.

oy

COOMe

Figure 1.1 General formula of alkaline polyacrylates, where= BH;,
C:Hs, etc. and Me= Na', K™ or other alkaline element&7].

The research had been extended on the photolysis 'ePAgsalts of high molecular
carboxylic acids, such as polyacrylic acid, polynaetlylic acid, polyL-glutamic acid,
alginic acid, pectic acid, carboxymethylcellulose and cellulose acetate phti2d]atéhjin
silver films on the polymer film were producéedthe following way: Polymer coated glass
plates were at first immersed inkgNO; solution for an hour and successively washed
with water to eliminate NaN©and excess of AgN{ After irradiating with U\light
under humid atmosphere dried films at first became brown due to the formation of
colloidal silver particles. When irradiah was continued, a thin layer of metallic silver on
the polymer film was formeH.

Later, the process of Adgon reduction in agueous solutions to Ag atoms, clusters and
colloids had been extensively studieddmadiolysis or photolysis2b]. Since dver atoms
and clusters are highly sensitive to coalescence and corrosion, those 2bidiesl [been
done using fast techniques which generate Ag clusters as translentgeinetal. [26]
first succeeded to obtain Ag clusters containing polyphosptitiiea lifetime of hours. In
their next work Hengleietal. [27] showed thatadiolytic reduction of AgCI@ solutions
containingPA leads to the formation of loAg/ed oligomeric silver clusters which are
stabilized on the PA-chains. Thelarge reactivity of Ag clusters towards nucleophilic
reagentswas explained by the high coordinative unsaturation of Ageatoms in the



clusters, whichleads tothe stabilization of the clusters by the amiogroups of the
polymers[27]. Additionally, Coulombrepulsiors between the chains prevent the clusters
from getting into close contact easily. On the same year 1990 in another work by
Belloni etal [28], an ultraslow aggregation process for Ag clusters in solution was
reported. The capability of PA to biaze Ag clusters even for many days in the presence
of airwas confirmed28].

High interest in the production of Ag films was continued by Yonezawa amebdcers
[29]. Strong radiation at 2531 (photolysis) of silver alginate films at different
temperature and pressure demonstrated formation of colloidal and metallic silver similar to
results reported by Konisktal.[24]. Furthermore, formation of largag,™ clusters
stable for many hours was characterized by-\WiB/ spectroscopy. Registerecgks
correspond to the same absorption peaks assigned by HeztglHIA7].

These works 46-29] can be counted as first analytically proven evidences for the
efficient stabilization of the primary entities (Ag clusters) by PA and other high molecular
caboxylic acids in thesilver nanoparticleAg-NP) formation induced by UMlIumination.

The photochemical reduction of Agns in the presence of carboxylate was suggested to
occur as oneelectron transfer process from the carboxylate ion to the boundeibig
giving rise to Ag atora In Referenceq29,30] such an issuavas studiedusing silver
alginatewherethe later onewas proposedo serve as a reagent for photolysis and the
matrix to stabilize photolytic silver (Figude2).

R-R
Re + CO,
@
Q ® hv,
RCOO Ag —2 Ag" + RCOOe L
+He* RCOOH

Figure 1.2 Reactionscheme of photochemical reacti@®[3(].

Hengleinetal [31,32] tried to resolve step by step the reduction mechanism diohg
on PA towards AGNPs in aqueous solution by meansgfadiolysis where the generated
hydrated electrons are the primamgducing agents. Their aim was to characterize the
colored (Ag)™-PA complexes and compare the radiolytic reduction of ®gs in the
presence of PA to the one in the absence of the polyelectrolyte. These @brRg] [
confirmed the fact that PAtrongly retards the growth of silver clusters. Pulse radiolysis
study on very early stages of the reduction processes in the presence of polyacrylate
qualitatively showed that elementary processes in the growth of sm&lPAcare affected
by a polymer de to inter and intrachain reaction87].

The exact structure of the colored complexes remained unknown, however the
following hypotheses based on the experimental observations were proptis&kefides
using asodium polyacrylate sample, Hengleital. [31] used carboxylated polyacrylamide



samples with 10% and 70% carboxylate content. Blraplexes were formed from rose

ones when a polyacrylate and 70% carboxylated polyacrylamide samples have been used
as the complexing agents. If a polyacrylaenggmple with a lower carboxylate content has
been used even at a high total amount of G@rOups, solutions stayed rosH].

The rose complex was thought to be the,/A®A species 27], whereas blue
complexes, (Ag+y)™, are lager species consistin§ @ small number of Agand Ad
which are complexed by the CO@roups of PA 33]. Thus, from these experiments
Henglein etal. [31] concluded that a high density of the adjacent carboxyl groups is
necessary to form larger blue Ag clusters. They assuna¢dhth latter ones are related to a
linear chain of silver atoms and silver ions along the guolylatechain where the number
of both Ag and Ad areroughly equal 31].

Further research was focused to study the size and morphology-NP&dormed
underUV-illumination of Ag'-PA solutions. Shiraishétal. [34] prepared small (ca nm)
Ag-NPs by UVirradiation of AgCIQ solution in the presence of PA and studied their
catalytic activity for the oxidation of ethylene. They used an ethaatér mixed saltion
as a solvent, where alcohol acts as radical scavenger and additional reducing agent.

The work by Sergeeetal.[35] demonstratedthat depending on the degree of
dissociation of PAj.e, pH of Ag’-PA solutions,and the ratio between Ajand PAa
varyingsize and shape of A§Ps can be obtainetater, the same authoBf] showed that
if light sources used in the photoreductemit overa wide spectral ranggvithout use of
cut-off filters) the appearance of nanoparticles can cause photocatedghiction of
cations on their surface due to plasmon absorption of light. Changes in the spectral
composition of the light source revealed the competing photoreduction’abgiby PA
in the bulk and on the surface of APs, which is accompanied by theoalescence3f.

Huberetal.[19] studied the formation of A§lPs embedded in loachain NaPA
chains. TRSLS experiments on A¢PA revealed that the addition of silver ions induces
coil shrinking and aggregation of the PA. After exposure tolight, small AgNPs are
formed within the shrunk PAoils. Like Hengleiretal. [31] this work emphasizedLp] the
fact that no AgNPs are formed upon UVradiation in the absence of polyelectrolyte or if
the molecular weight of the Réhains is as small as 14Da.

The effect of the reduction method in /ABA systems (Uvexposure or use of the
chemical reducing agent NaBHon the final size and shape of the-N&s had been
compared by LdNostroetal. [37] with a few Ag-PA solutions. The results obtained by
their experimental procedures revealed thatMNRp prepared upon both reduction routes
exhibit the presence of a population of ultrasmall sphericaNRg (<2 nm) and of a
population of larger A@NPs (36 nm). If NaBH, is used, the population of large particles
is predominant, while smaller particles dominate under-itdddiation of Ag-PA
solutions. Additionally, higher molecular weight PA sample in a combination with NaBH
lead to a formation of bigger APs, while mder UV-exposure the opposite effect has
been observed. Besides, with WlWimination method the formation of AYPs is slower



than that with NaBll Hence, longer P&hains can perform their templating effect more
efficiently once the reducing agent is ¥ irradiation[37].

Due to a high demand of AgPs in catalysis, biotechnologghotonics and electronics,
the research was aimed at obtaining a certain particle size, particle size distribution,
particle shape, etc. In order to achieve such concrete tasre complex systems and
procedures halleen applied, however, in many of them PA remained to act as reducing
and stabilising agent. Combinations of PA with further additives are very diverse and in
the following paragrapbnly a few prominent examplese presented.

Thus monodisperse spherical -AlPs with a size below 10@m were prepared by
addition of NaBH into the inverse micelles of poly)xyethylene lauryl ether which
contain Ag-PA solution B§. Dendritic AgNPs (<500nm) have been prepareding
ascorbic acichs a main reducing agent and B# a stabilisig agentn agueous solution
[39]. Stable colloidal solution of AfNPs of ca7 nm size were fabricated reducing Ag
ions by NaBH in aqueous PA solution and successively dispersing®@fected AgNPs
into aqueous protein solution (bovine serum albumidg). [Spherical AgNPs possessing
an average diameter ofnfm were at first synthesised by chemical reduction of AgNO
with t-BuONaactivated NaH in THF and then dispersed in acrylic formulations composed
of tetrahydrofurfuryl acrylate, polyurethane acrylate and polyethylene gtlieatylate
[41]. Ag-NP dispersions with a mean particle diameter-809m were synthesized using
hydrazine hydrate and sodium citrate as reducing agents and sodium dodecyl sulphate as a
stabilizing agent and tested as antibacterial active compou##ls Comparably
monodisperse spherical AgPs in the sizeange of 28m to 77nm wereprepared by
reductionof cationic complexes [Ag(N]" by D-maltose in the presence of different
concentrations of high molecular weight PA3] and tested as catalysts for redox
reactions. In this work it was shown that PA influences both nucleation process and
subsequerdtage of nanoparticle growth3].

1.1.3 Spherical Polyelectrolyte Brushes

If long linear polyelectrolyte chains are grafted densely to a solid surface, a
polyelectrolyte brushresults fi4] (Figurel.3). The termiibrusid implicates that the
grafting of he chains is sufficiently dense, that tke average distance between two
neighbouring polymer chain®j is distinctly smaller than two timékeradius of gyration
(Ry) of the respectivéree polymer chaingAt low grafting density, i.gif D is greater than
Ry, two tethered chains feel no interaction. If polymer chains are poorly soluble in the
solvent, it is favourable for them to lie flat on the surfaces. Thisisteeasd | ed fApanca
conformation(Figurel1.3). If polymer chains are weBoluble in the solvent, they form a
fimushroond structure §4].



“pancake” “mushroom” “brush”

Figure 1.3 Sketchfor possibleconformations of polymergrafted to a
surface44].

Besides the grafting density and the solvent quality, the curvature of the surface is
important. Whenpolyelectrolyte chains are densely grafted on a planar surface, planar
polyelectrolyte brushes are formed. Statymers consist opolymer chains (arms) of
equal length joined at a centfdranching poird. Grafting linearpolyelectrolyte chains
denselyto colloidal core latex particles leads to sphermallyelectrolyte brushes (SBB
The grafting density, charge density and particle size can easily be varied by different
synthesis conditions.

Polymer brushes are typically synthesized by two differegthods, physisorptioand
chemical bondingTypically, polymer brushes synthesized using a physisorption approach
consist oftwo-component polymer chains, where one part strongly adheres to the interface
andthe second part extends tongeate the polymdayer [45. However, the interaction
between polymechainsand colloid surface is mostly caused bgn der Waals forces or
hydrogen bonding. Brush layers are thunstableand can be thermally or solvolytically
desorbedr displacd by other polymesor smallmolecules.

The chemicalbonding of polymer brushes can be classifiedigsafting t@ and
figrafting frond techniques (Figuré.4). A preformed macromolecule possessirguaable
endfunctionality is utilized with a reactive substrate to genettagepolymerbrush in the
figrafting ta technique. Theavailable polymerization methodsffer an advantage of
synthesizingpolymer chains possessing narrowolecular weight distributions, however
only moderate molecular weight polymers carubedin this approach. Higher molecular
weight ofthe polymer chains gets, more difficult for the anchor groups to reach the surface
of the substrateThe disadvantage of this technique is that it often leads to low grafting
densities and low film thickness as thepolymer molecules mudiffuse through the
existing polymer film to reach the reactive sites on the surface

Steric hindrance for surface attachment increases as the thickness of tptiemaer
film increases in the case dgrafting t@. To overcome tlsi problem, thdigrafting frond
approach can be used to prepare dense covalently tethered polymer brusliigsafiihg
fromo technique involves the immobiltion of initiators on the substrate followed by
situ surface initiated polymerization tgeneate the tethered polyneiUsing thisfgrafting
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fromo technique, the grafting density amblecular weight of the polyelectrolyte brushes
can be easily controlled by adjustitige polymerization conditions.

™ o
Ny

“grafting to” “grafting from”

Figure 1.4 Schematic illustration of differenfprocesses used for the
attachment opolymers to surfacg44).

Photeemulsion polymerization isw i d e | ygraftirsg-é&raino téchnique leading to a
dense layer of chemically bound polyelectrolyte chdi#6-48]. Figurel.5 displays
schematicallythe synthetiaouteof this approach, which is also applied in tthiesis[46-

48]: First, nearly monodisperse PS cores agmthesizedoy a conventional emulsion
polymerization.Successivelya thin layer of a suitable photoinitiator -polymerized
ontothese cores. Tisisecond step proceedsa seeded emulsion polymerization in which
the concentration ainew monomer is kept low enough in order to avoid formation of new
particles. In a third step a water soluble monomer is added to thislelidaex and
radicals are generated on the surface of the particlesxpgsure to UMight. These
radicals start a polymerization on the surface and the chains are growing directly from the
surface.The fact that the core latex is strongly scattering the inegiight is very helpful

in the process of phamulsion polymerizationlight is scattered many times within the
turbid latex suspensionwhich increasesconsiderably the quarmim vyield of the
photoinitiator[46-48].

PS core covered
Polystyrene (PS)
styrene core by the layer of PI

5/ KPS, SDS, H,0 photoinitiator (PIi O HOOC\/

emulsion photoemulsion
polymerization Step 1 Step 2 polymerization

Figure 1.5 Schematic representation of tB€B synthesisin the first step a
polystyrenelatex (PS)is generatedwhich is covered by a thin layer of the
photoinitiator in the second step. Phatiiation in the presence of water
soluble monomers as acrylic acid time third step leads to polyelectrolyte
chains grafted onto the surface of Bfecores
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The SPB are characterized by three parameters: the core Ragdiighe contour length
L. of the grafted chains and the grafting densityiving the number of grafted chains per
nn?. All parameters can be determined by hatinesdescribedy Ballauffetal. [46,49].

In SPBs immersed in solution at low ionic strength the local concentration of ions
inside the brush is noticeably difeart from their bulk valugesand screening of the
electrostatic repulsion between the polyions is carried out by the counterions trapped inside
the brush. Trapping is balanced by the osmotic pressure of the counterions. The regime at
low ionic strength iseferredto a$ h e A o s mo t50. dndhe pppagiterdei( f s al t
domi nancemonvegil meyd br us h oféaddédhsalt agpmackes the r at i
concentration of the counterions within the brush. In this limit the electrostatic interaction
is strongly screened and the brush layer can be treated as a virtually neutral S@ktem
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Figure 1.6 Dependence of brush thickndssn pH for an annealelirush(a)

and quenched brush (Ajhe parameter of the data is the ionic strength in the
solution, which was adjusted by adding KCI:M. (i ), 0.1M (A), 0.01M

(r ), 0.001M (* ) and 0.0000M (A ). The latexsampled_23 and LQ4was
used[51]

By attaching weak polyelectrolytes pslyacrylic acidto solid surfacesn annealed
brush is generatejdl]. Here the degree of charging of the monomeric units depends on
the pH within the brush. Changing the pH from low to high values therefore leads to the
transition from a virtually uncharged to a highly charged systéma.strong dependence of
the brush laye consisting of PAchains on pH is directly seen in Figuréa taken from
referencg51], where the thickneds is plotted against the pH adjusted in the sysfEne
thickness can be obtained from the hydrodynamic raRiusg of the brushand the
hydrodynamicradius of the practically monodisperse core partiétess via following
equation

L =Rnspel Raps (1.2)

Figurel.6ashows thalL may increase by nearly one order of magnitude when going
from low to highpH. The reason for the strong stretching derives from the fact that the PA
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chains become more and more charged if the pH is rafsetbw ionic strength lie
counterions generated in this process, however, cannot leave the brush as discussed above
[50]. The emrmous osmotic pressure within the brush built up by the counterions in the
brushmay stretch the chains to nearly full lengiét a high ionic strength the effect of
stretching is much less pronouncéd]|

A brushis denoted as quenched brushstrong mlyelectrolyte chains such as, for
example,polystyrene sulfonate chains, ageafted to a surfaceA similar study of the
respective quenched SPB demonstrates that no change takes place upon changing the pH if
the ionic strength is kept constant at the séime (Figurel.6b). In this casehe charges
along the chamare independent of the pH in thessgmand the thickness of the brush is
determined by the ionic strength of80, 51].

When a salt comprising multivalent counterions is added to SPB, the shrinking of the
brush layer is much more pronounced than in case of monovalent ions. A review of thi
topic was recently given by Jusetfial.[52]. There, the process of shrinking and
precipitation of SPBs in the presence of divalent or trivalent ions is explained in terms of a
model in which coiling of the polymer chains is balanced by the osmotssyme of the
counterions. Due to a decreased number of counterions, multivalent counterions exert a
smaller osmotic pressure than monovalent ions do and thus enable chains to further shrink.
lon-specific effects, which were earlier suggested from expetsrinRiheetal. [53, 54]
and Ballauffetal. [55], are neglected by this model.

Polymer brushes are widebppliedas templates for metallic nanoparticles. Since the
latter ones must be stabilised in solution in order to prevent their aggregation, carriers
systems such as dendrimeB®][ microgels p7] and latex particles5g] are very suitable
to immobilize them. Aew examples exist where polymer brushes had been applied in Ag
NP production.

i N a-h o dypedSPB particles were presented byetal.[59) where poly(ethylene
glycol) methacrylate macromonomers were densely grafted via photoemulsion
polymerisation on 8B-cores. The system had a shell consisting of regularly branched
chains. Tt hr eddeeparficesawere used as nanoreactors for the generation and
immobilisation of AgGNPs with a diameter of c&5nm. AgNPs were synthesised by
means of NaBHkl asreducing agent and scrutinized as catalytic agents in the reduction
process of sitrophenol 9.

In situ formation of AgNPs in SPB during photoemulsion polymerisation was reported
by Ballauffetal. [60] where silver acrylate was used as a functionahanter instead of
acrylic acid(Figurel.5). The catalytic activity of those wetllispersed small AQPs with
a diameter of c&8 nm was investigated by monitoring the reduction-oitdophenol §0].

Immobilisation of AgGNPs onto pkresponsive poly@inylpyridine) (P2VP) brushes
was reported by Stamatal. [61]. The process involved chemical grafting of P2VP chains
on the underlying substrate in brush topolddygurel.3) followed by the chemical
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reduction of AgNQ. Here, he effect of Ag concentration and the reduction time on the
immobilization process was demonstratéd] [

Silver and nickel nanoparticles with an average size oPoem and ca4 nm,
respectively, were prepared by chemical reduction dfakgl Ni" absorbed as counternis
inside of the PAshell grafted to spherical pdiytadiene (PB) core$?]. This work was
focused on presenting a novel method to prepare SPBs. The grafting etlzelPAvas
performed without having to usa initiator with C=C double bwls. The PAchans were
grown from the PBcore by direct therminitiated emulsion polymerisation havimgade
use of abundant double tas in PB §2].

The catalytic effect of AGNPs immobilized in spherical polyadaye brushes was
studied by Guetal.[63]. Strong cataltic activity of AgNPs on the reduction of-4
nitrophenol by NaBk was further accelerated by the additioraetyclodextrin. Besides
this issue the authors reported a slight variation in the size distribution of {N@#\gwith
an average size ofrdn, by varying the temperature during the chemical reduction process
of AgNO; by NaBH, [63].

1.1.4 Raspberry -like Metamolecules

Many familiar optical properties of material&r example,their colar or refractive
index, arise from the interaction of the electric field of light with matter. However, as
demonstratedh the field of metamaterials, wheegtificial media is structured on a scale
smaller than the wavelength ah external stimulating wave6f, 65, controlling the
interaction ofthe magnetic field of light with matter can yield unprecedented optical
properties §5,66]. Some of the very exciting applications of metamaterials exhib#ing
magnetic responsen the regime of visible wavelengtr@e electromagnetic cloaking
devices [67-69] and subwavelengh optical imaging0[. Materials with magnetic
resonanceperating in the opticdtequency regime do not exist in nature, therefore such
phenomenors called artificial magnetism§6, 71].

Using classical tomlown nanofabrication technologies, such as eledigam
lithography [72] or focusedion beam milling ¥3], structuresexhibiting a strong magnetic
dipolar responseat optical frequenciebave been fabricated. However, theyfar from
many limitations. For example, it is difficulb achieve bulk materials, required for
realistic applications. Moreover, these structures are all geometrically strongly anisotropic.
This means, thathte strongest magnetic response corresponds to oneisgiattion of
the propagation of electromagnetic wgvand there are directions for which no meign
response can be observed][7Bherefore, many theoreticall, 74-77] and experimental
works [7883] were devoted to desigully threedimensionalkstructures(situated not in a
planar fashion on a substratejth an isotropic magnetic response the visible range.
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Among themare clustersconsisting of dielectric spherical cores decorated by a large
number of isolated, nonteaching metatianosphereg~igurel.7) [75,76,78].

Figure 1.7 Scanning electron micrograph atoreshell cluster(silica sptere
decorated by gold particléabricatedv i #iol Assemblg) [78].

The optical response of such cafeell clusters is dominated by the arrangenwnt
metallic spheres on the dielectric corég][ and originates from the combination of
plasmonic resonances of the individual metal nanopargcidace plasmon resonance of a
single metal nanoparticle occurs in the following walyhen an electromagnetiavave
illuminates nanoparticles, the conductioand electrons of the metaanoparticlewill be
replaced from their equilibrium positions with respect to the centenasfs of particles,
e.g. nucleugFigurel.8). The direction of the displacement depemsthe direction of
electric field. The direction ofhe electric field ofthe electromagnetic wave changes
periodically, and the displacemertf the electrons also changes periodically like an

oscillation of el ect r on Suchwscllldtions ie thepaptical t o t
frequency range involve mostly the conductlmand electrons located near the surface of
metals duetas ki n ef fect . For exampl e, t he fAdepth

silver excitedin therange ofvisible light is ca.6 nm. The energy othe electromagnetic

wave will be absorbed when its frequency matches the resonance frequency of metal
nanoparticlesThe absorbed energy will be used to catsescillations of electrons. The
resonance frequenayepends on # permittivity of the metal and the size, shape and
surrounding mediurof the metalnanoparticle$84].

E-field metal

electron
cloud

Figure 1.8 Schematic of plasmon oscillation for spherical particles, showing
the displacement of the conduction electron charge cloud relative to the
nuclei [B4].
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At a distinct frequency where the excited electric dipolesnetal nanoparticlesare
oscillating 180 out of phaseantisymmetric resonances were fore¢&5t. This means that
the electric dipole contributions of the metal nanopatrticles which establish theashbélk
coupled and oscillating around the dielectric core perpendicular to the polarization of
incident magnetic field and therefore result in a magnetic dipole of the entirshogle
cluster parallel to the incident magnetic fieBuchmagnetic dipolecan beidentified in
Figurel.9 by looking at the magnetic field distributiorepported byMuihlig etal. [78]. The
resultingenhancement inside the core sphere of the magnetic field is comparable to the
near field distribution of a pure magnetic dipM8].

1.6
14
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X (nm)

0.8
0.6
0.4
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Figure 1.9 Distribution of the magnetic field of coreshell clusters at the
magnetic dipole resonance frequency (68§. Only the ycomponent of the
magnetic field (normalized to the incident plane wave) is shown in a plane
through the center of the core sphere (green circle). Theablaers depict

the excited electric dipole moments in the gold spheres. The direction of the
arrows decodes the direction of the excited dipole in thplasze and the
length decodes the strength of the excited dipoles at the center of each gold
nanosphereThe center of each arrow coincides with the center of one gold
sphere in the shown plan@§]

Current progress in colloidal nanochemisey to many of such corshell structures.
For exampleraspberrylike plasmonic nanostructuregeresynthesized using surfactamnt
assisted template seed growth metloddgold nanoparticleon the PSores [81]. In
another exampleUrbanetal.[82] have fabricaed threedimensionalgold nanoparticle
clusters by the selissembly oPSgrafted gold narepheres andn amphiphilic polymer.
Sheikholeslametal. [80] have prepareda metafluid by assemblingAg-NPs based on
proteindirected interactions Muhlig etal. [78] first comparedthe measured extinction
spectraof coreshell compositegFigurel.7) with sophisticatedsimulationsthereof and
revealedthe relation of the optical response to the excitation of an isotropic magnetic
dipole resonance by aedshifted peak on the extinction spectra. Thus, M¥
spectroscopy can be used as a fast and ane#pod to estimate whether the synthesized
satellite particles can exhibit artificial magnetism.
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1.2 Motivation and Goals of the Present Work

Nobel metal nanoparticles have béleasubjectof numeroustudiesdue to their unique
optical, electronic, mdm@nical] magnetic and chemical properties that are significantly
different from those of bulk matials These special propertiesanbe attributed tdheir
small size and large specific surface area. Antbege particlessilver nanoparticlefAg-

NPs) hae been widely studied due to their diverse application catalysis 86,
biotechnology §7], photonics and optoelectronic8(] andantimicrobial activity 88].

A variety of preparation routes have been reported to control particle shape, particle size
and size distributiof Ag-NPs[89-91] andthe assembly of AgNPs to hierarchical super
structures 92]. From the very beginning of these studies, polyacrylic acid and its sodium
salts (NaPA) have attracted much intecigtto their assisance of thepreparation of Ag
NPs viaa photoreduction of Aas well agiue tohosting and protecting the growing Ag
NPs [19,22,27,36,43,93]. The AgNP formation alreadyccurs upon exposing dilute
Ag’-PA solutions to UMight in the absence of any further reducament[19,22, 36]. If
reducing agents have been added t6-R4 solutions[43,93] or if the latter ones have
beencombined with surfactant/polymer molecul@8[40], PA supportghe generation of
Ag-NPs even more efficiently.

PA are polymers with a nagvely charged carboxylate function at every other C
backbone atom and belong to the most frequently applied polyelectrolytes both in
householde.g. scalenhibitors in laundry processes, and induséryg. dispersant agents in
suspensions ahorganic prticles P4]. Aside from their technical significance PA serve as
excellent model polyelectrolytes in fundamentasearch. Highly specific iatactions,
such as complexatiobetween the polyions and bivalent alkaline ea®@hL,11,95] or
transition netal cations15,17] (M™), maycause a coil collapse and a precipitation of PA.
The mechanism of collapse/aggregation of single coils along with a shape of forffied M
PA entitiesmay be relevant for the development of new responsive materials and for a
deeper insight into a complex interaction pattern of proteins containing ES@ues in
saline media of living systems.

Hence, investigation ahe Ag*-PA system has a multifold relevanc®: COO-groups
of PA-coils can form complex bonds with Agons leading to distinct conformational
changes of polymer chains and to intermolecular bridges among the PA molecules.
Although Ad' ions are transition metal cations, they are monovalent, which makes them
particularly interesting candidates for a compaeastudy of its specific iteractions with
interactionsexertedby monovalent inert nespecifically interacting cations likia" ions
or bivalentspecifically interactingations e.g. alkaline earth cations, €wr P, (i) Ag-

NP formation induced by emgure of Ag-PA solutions to UMight without additional
reducing agents can be directly correlated to the-irsna intermolecular organisation
within the Ag-PA entities. Thus, information from item) (may help to control the
size/shape of AGNPs generated in a very simplay.

17



Aside from linear PAchains, which are homogeneously distributedtha solution,
morphologically different PA particles, such as spherical glebtrolytebrushes (SPBs)
with a shellcorstituting of PA chains can be considered as a second type of PA systems
analysed with respect to the same issues stated in the previous paragraph. In SPB linear
PA-chains are densely grafted to a spherical polystyrene (PS) core via covalest bond
[46,47]. The local concentration of COQroups within the PAayer is considerably
higher than in case of dilute soluteaf linear PAchainsandthe mobility of single PA
chainsthereinis drastically restricted. Therefore, the interaction pattern betweeraS&B
Ag’ ions as well as the photoreduction process of idgs may significantly vary from
that oflinear PAchains.

SPBs have been widely reported as nmagtiers which generate welllefined metal
nanoparticles with a narregize distributionn situ[62, 64,86,96-98]. The main purpose
of thosestudieswas to substantiallgecreas@aggregation oémall metal nanoparticles and
thereby retain and increase their catalytic actiiitpwever, aside from catalysis, SPBs
can rate as promisintandidates alsm the field of metamaterials, where the contriotree
interaction ofthe magnetic fieldof light with matter can yield unprecedented optical
properties $4-66]. Synthesis of densely packed -APs localized on the dielectric PS
cores may be considerexs a novel route toAg-SPB coreshell/satellite/raspberrjke
metamolecule$75, 76]. Additionally, since fabrication of such A§PB particlescan be
performed using onlypne solvent (water), anothéwng rangeperspective is available:
formation of a photae crystal, where aforementioned metamolecules are arranged in a
threedimensional lattice.

This work is intended to investigate two PA systems with respethecspecific
interactions with AJ ions: dilute solutions of linear PAchains and highly diluted
suspensions of SPBwhere the shell is formed by PA chaiwghereas for the study of
linear chainccommercial NaPA sampldsve been used, ttf8PBshave been synthesized
and characterized in the present Thesising a method introduced by
Ballauff etal. [46,47]. In case of SPBs the molecular weight of PA is by a factor €f0L0
smaller than thene of linear chain PA samples.

The analysis othe Ag*-PA/Ag’-SPB systems is suitaplcaried out by static and
dynamic light scattering techniques (SLS and PICGmbined SLS and DLS methocksn
not only quantify the size of particlebut also give indications for their shape. Time
resolved SLS/DLS experimengse expected to offer insight into the mechanism of the
possibleaggregatiorin Ag*-PA and AJ-SPB solitions Whereas SLS and DLS are highly
suitable to analyse conformational changes ofcB#s orthe extent of shrinking of PA
layers belonging to SPBs, anomalous srraligle Xray scattering (ASAXS) may quantify
the amount of condensing specifically ietingAg” counterions.
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Anothergoal ofthis work is tousethe investigated properties of APA andAg*-SPB
systemsn order to develop aontrolled formation of AGNPs under exposure to Ulght
thereof. U\vis spectroscopy and electron microscopy (SEM and TEM) are used as
analytical techniques to characteritge resultingAg-NPs. Besidesa photoreduction
method, AgNPs are prepared using chemical reducing agent (NaBHin Ag'-SPB
solutions in order to substantially increase their number on the surface-aufrésSand
hence validate hybrid A§PB systems as potentially candidates in the field of
metamaterials.
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2 Methods and Instrument S

The present Chapter describes the main principles of the characterisation methods as
well as the corresponding instruments, which have been used to analyse the investigated
systems. Light scattering methods, as techniques used théeapsntlyin thiswork, are
described in more detail.

2.1 Light Scattering

As an electromagnetic wave light interacts with the charges constituting a molecule.
This interaction is defined by the polarizability of the molecule. The electric wave of the
incident light indues a periodic modulation of the atomic nuclei and the electrons. Thus
the molecule constitutes an oscillating dipole or electric oscillator, which acts as an emitter
of an electromagnetic wave of the same wavelength as the incident light, emitted
isotropially in all directionsperpendicular to the oscillating dipol@) The scattering
intensity is proportional to the total number of scattering centers one particle/molecule
contains, which allows to determirtiee molecular weight of this particle/molecule. The
interference pattern of intraparticular scattered light is called particle flctar P(q))
and characterises the shape and size of the parfifjeAt the same time patrticles in
solution undergo Bnwnian motion caused by thermal density fluctuations of the solvent.
These temporal changes in interparticle positions and the corresponding temporal
concentration fluctuations lead to the changes with time of the interference pattern. The
resulting scattexd intensity enables to measure the diffusion coefficient of the scattering
particles in solution.

Items(i) and(ii) establish théasefor static and dynamic light scattering, respectively.
The general principles and theories behind these two techniglide given in the two
following Chapters. Detailed information on these methods can be found in the text books
by Lindner and Zemb9d9], Berne and Pecord((, Chu [L01], Schéartl 02, Teraoka
[103, Colby and Rubinsteinl04].
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2.1.1 Static Light S cattering

We begin to discussstatic light scattering(SLS) technique with a schematic
representation of an experimental setup used for light scattering measurements
(Figure2.1). A portion of the sample that is illuminated by the incident beam and at the
same time being visible for the detector is called scattemmhgme Vs. It depends on the
scattering angleg. The light source, which is in our case a-Me laser operating at
632.8nm, and the detector are aligned in the horizoytgblane. Light scatted by an
angle g in the horizontalyz plane at adistance rfrom the sample is analysed liye
detector.

incident

light
source

&

tector

Figure 2.1 Schematic representation of an experimental setup for light
scattering measurements.

The direction of propagation of a verticafiglarized incident light and scattered light is
shown with the initial f ) and scatteredj() wave vectors, respectively. Thalue of the
scattering vector or momentum transfederived from a given geometry 8s=1 1 1
(Figure2.1) is related tahescattered anglg via the following relationship

= —i o 2.1)

wheren is the refractive index of the solvent ahds the laser wavelength in vacuum.

In order todescribea measure of the scattered light, which is independent of the
apparatus characteristics but only depends on the properties of the system, the Rayleigh
ratio LRy is introduced 105, which in case of polarised light has the following expression
[106,107

Ry= —— (22)

where the subscripgindicates that the Rayleigh ratio is a function of the scattering angle.
I{(— is the intensity of the scattered light measured at the angle of obsergatrah is
the intensity of the laser.
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A particle or a molecule scatters light isotropically, when the light contributions
scattered from the constituent parts (subunits) of the molecule/particle are in iphase
have no phase difference. This will be the caghaf molecule/particle is much smaller
than the wavelength of the impinging light {s20). If, on the other hand, the scattering
particles are big enough, the intensitytioé scattered light will decrease with increasing
scattering angle (or with incrsiagq value)[102]. Measuringthe intensity of the scattered
light for a solution of particles yields the forfactor, P(q), as thenormalised scattering
intensity:

Py — 2.3)

wherely(0) is the scattering intensity at zero scattering angle (i.e. ger@ue) As this
value is not accessible to direct measurement because a detector placed at zero scattering
angle would see mainly the direct laser beb(0) has to be determined by extrapgaa
of I(g)tog=0.
The general expression for the form factor of any molecule consistmigleftical
pointlike subunits with patwisedistances;t is [107]

P@ —B B —— (2.4)

If q3j <1, the form factorcan be approximated by its Taylor series expansion.
Keeping the first two terms, one gets the following equation

P@ 1 -nd O (2.5)

whered Qs the mean squaradius of gyration defined as

a c—B B | =-B d;30 (2.6)

whered s Oddenotes the average of the squared
masstothgdt h subuni t.
Net scattering intensities can be expressed in terms of the Rayleigbivatidy

IR;=K 2 M P(1) B(0) (2.7)

wherec is the sample concentration in g4, is the molar masandtermB(q) in the limit

of the spherical particles is directly equalatstructure facto(S(q))and for the particles
which are not invariant toward their orientatid(g]) is more complex expressioK is the
optical contrastonstant which is corrected for cylindrical cuvettes (normally applied for
light scattering experiments) using the Hermaerinsoncorrections 108 anddefined as
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whereNpisAv 0 g a d r o dde/dcis therbfraative index increment of the investigated
solute in solution androenels the refractive index of toluene in the goniometer bath.

In practice, theRayleigh ratio B of the solute particles is determined from the
experimentally measured scattered intensities of the sollgigm, of the solventsgent
and ofthe standard siandarg(pure toluene). Renormalizing by absolute scattered intensity of
the scatteringtandard i.e. RRroene theexcess Rayleigh ratibR, of any solute in solution
at a certain scattering angjeis receiveds

mq = RRroluenel (2.9)

For very dilute polymessolutions in saline water (Chapterd-4.2) or in very dilute
suspension of colloids (Chap#B) the interference pattern between different scattering
particles,i.e. the structure facto5(q) can be neglected since the laragge Coulomb
interparticle repulsions are screened and the measured scattered iftémsity only
caused by intraparticular interferend@¥n)). Hence, &king into account the effects of
solutesolvent interaction®on the measured scattering intensatyd rearrangingeq@.7)
with application of ed.5), with use ofthe approximation that 1/(1x) 1+Xx, we
receivethe Zimm equationl09 for monodisperse systems
== p R +2Ac (2.10)
whered Ois the mearsquare radius of gyration amd is the second virial coefficient,
originating from a series expansion of the osmotic pressure. TheAteista measure of
the thermodynamic interactions between two moleciresolution causing sysimatic
deviations from the ideal gas law.

Usually polymer solutions or suspensions of colloids are not monodisperse. Having a
solution of n different types of particles with molecular weigktts Mo, é,, mean
square radii of gyratiod O,d O, & 0, which are present at weight concentrations
C1, Ca, €, respectivelyin the limit of infinite dilutionwe can rewrite e@7) from the
mixture in the following form

YYF=B YYy =KB O D AQ (2.11)

Via extrapolation oY ;, to zero scattering angle, all form factdt§q) approach the
value of 1. Thus, via division of the both sides of2etf) byB & we get the weight
average molecular weigM,, calculatedas

B
B

My = (2.12)
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In a similar way we can determine th@verage squared radius of gyrati¥n using
eg(2.6) for the molecules/particles in the solution

= p G (2.13)

By means of eq11-2.13) and considering theotal concentratiomsc, =B @, we
rewrite eqR.10) in the following form

i —nN  + 2A¢ (2.14)

An alternativeapproacho theZimm methodfor the evaluatiorof static lightscattering
experimentsvas developed bguinier [110. It showed that the form factdt(q) in the
case of compact structuresg. spheresit smallg valuescan be described according to the
following equation

P(@ Q° (2.15)

which leads to the same limiting series given by2esj(
A plot of measured Rayleigh ratios or scattered intensitiésR,) or In(1s(q)) vs. o is

called a Guinier plot. In practice a slope-"Y ) is found by linear regressipwhich will

also giveln(DR; -)0or In(15(0)) from which the molecular weight may be calculated. The
criterion most frequently used to ensure the validity of the Guinier approximation is that
g 'Ry < 1. The Guinier evaluation was the most suitable for spherical particles.

Inordertoobt ain Atrued mol ecul ar parameters fr

standards (Chapt&2) simultaneous extrapolation of the scattering d@%ag)( from

eg@.14) to q=0 and c=0 is necessary. In case of PA solutions with* Agns
(Chapters4.1-4.2) or SPBs with A or other counterions (Chaptér3), where the
scattering depends in a complex way on the ratio betweanterionsions and COQ
groups a simple extrapolation procedure to=0 becomes impossible. Hence, the
scattering curves in those cases were approximated with the adgpkmdent part of
eq@.14), which renders molecular parametdisandR to apparent parameters.

2.1.2 Dynamic Light Scattering

Dynamic light scatteringDLS) is also known as quasi elastic light scattering (QELS) or
photon correlation spectroscopy (PCS). The scattering geometry of DLS is the same as for
SLS (Figure2.1).

24



As it was mentioned in Chapt2rl, fluctuations in the sdated intensity with time are
reflecting Brownian motion and are thus carrying information about the diffusion
coefficient of themoving particles. Since particles move relatively to the primary beam
and the detector, in analogy to Doppler shift of acoustves, there is a broadening in a
frequency of the scattered wavés. dynamic light scattering tirmgependent intensity
fluctuations of the detected scattering intensity are considered.

(I(q,t)?)

T
<>

AL Al A M p s Wla A
.'lf"‘-‘x e |\"uﬁ\|, A 'I’w'lk’f A

I(q,t)

{I(q. 1)

(I(q,t)I(q,t+ 1))

t T

Figure 2.2 Fluctuating scattered intensity with time (a) and the
corresponding intensity correlation function (b).

In order to quantitatively analyse the particles mobility by light scattering and derive
their diffusion coefficient, an intensityme correlation functior6® has tobe quantified
first. That is achieved by comparing the scattered intem&tyt) measured at a certain
scattering vectoq at timet with the intensityl(q, t +¢) at a later timgt +¢). This process
is repeatedfor a large number of valuesf t startingfrom 0 to the maximum tim&
(duration of the intensity data collection). The average of all these multiplication results
gives the intensityime correlation function

G®(q, 7) = Bogfd> JOR T O=a Q& - "Offd Joffd T Qo (2.16)

wheret is the delay time. The quantifofd JOonfd  + Ois a monotonically decaying
function in terms oft (Figure2.2b). The reason for that is the following: At O the
correlation is high because particles did not move very far, thus two signals are almost
unchanged and the quantijOifd IO Oproduces maximum correlation equal to
60"\ O'Once the decay timeis very long, there is no correlation beamethe scattered
intensifes of the initial state and the statefaEssentially, signals &\ and O 1
become uncorrelated ai@f? decays to a value &fOorfd O. This decay is related to the
motion of particles and thus to the diffusiomefficient of the particles.

The normalized time correlation function of the scattered intensityfirsedeas
2h O

g?(q, 1) = 14" (2.17)

O | S¢

Similarly, the normalized time correlation function of soattered field is
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6 ho" hO
@)= (2.18)

The relevance of the field autocorrelation functidnis that it is directly related to the
fundamental physical process creating the fluctuations. The relevance of the intensity
autocorrelation funatin g is that it is related to what is directly observable dusitight
scattering experiment.

Under the assumption that the scattered field obeys Gaussian statistics the two time
correlation functions are related \iee Siegert relationshiplfl1,117

o?@ 1) =1+1 ¢ nft (2.19)

whereb is a correction factor that represetite number of coherence area aegends on
the detector efficiency. Abx 1 the best signal to noise ratio is obtained.

For monodisperse particlegth Brownian motion, the field correlation function is an
exponentially decaying function of the correlation time delay

@, t)=Q" (2.20)

where] is a decay rate aa mean inverse relaxation time which particles need to cover a
mean squared displacement of the ordef/of. The diffusion coefficientD of the solute
particles is related tp andg through thefollowing expression

1(q) = D(@) A (2.21)

For polydisperse systemg™(g,#) is not monoexponential anymore and the
interpretation of data from polydisperse samples becomes more complex. Size distribution
information now can be obtained from the deconvolution of the sum over all single
exponentials contributing to the field autocorrelation function. The general deconvolution
of a sum of single exponentials is difficult. The problem may be summarized h22q(
and eqg?.23) which define the normalizetime-field correlation functiong™(q, ) as the
sum of n exponential functions, with intensity weighted coefficients/contributions
' ©i(q)) associated with the scattering intensity of particles belonging fetthsize class

YY) inawaythat @i(q)) :;/ i_andB ' : A =p through the following
h
equation
g™, 1) =GB 1(g)Q - + G 2(g)Q + GB a(g)Q E
B ' n Q (2.22)

where : i(q) is defined in edf.21). For the limit of: i+1(q) i@ = Y. © d:, the
normalized field autocorrelation functigft(q, ¢) is revealed by integrating over the entire
range of particle sizes via
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@ y=. ' :nQ Q (2.23)

whereG(: ) represents thantensityweighteddistribution of particle sizes unitsof [sec]
normalized so thgt:: "R Q p.: minand: max define the range afecay constants

accessible to the instrument and in principle shouldse=0 and: max=Hb. In order to
extractG(: ) from eq.23) one needto perform the inverse Laplace transformation from
g®(q, t). Provencher]13 has developed an inversion software package, CONTIN, which
IS a generalized inverse Laplace transform with constraints and parsifitenyesult is a
distribution functionG(G) according to e.23).

CONTIN analysis has been effectively used in this work as a fast-agkamel program
to obtain size distributions in real time during data acquisition and to indicate whether the
polymer samples exhibit a single or multi modesorderto obtain az-average diffusion
coefficient D, the method of cumulants [11415] introduced by Koppelwas used.
According to this methothe deviation from the monoexponential decay is accouwted f
with a cumulant expansion gf(q, z) about the mean value=_ ' : Q. In this work

a quadrati cumulant fit has been applied

In(ga, 1)) = avz: (a)t + — 2 2
whereapis a constanéndthe first cumulant is z-average decay ratgvenby

1 (a) = D(@)&° (2.25)

In case of the monodisperse sample&& turns into ec.21). In the limit ofq =0 the
effect of form factor from polydisperse samples and-diffasional processes like rotation
or polymer segment fluctuation dwt any longer contribute to the correlation function.
Thus, extrapolation dD(q) values tog = 0 gives thez-average diffusion coefficiem,

D, = (2.26)

In eqR.24) m is theso-called second cumulanthich corresponds to
m=8 nO no (2.27)

wheresquarebrackets denote an intensity wieigd averaging (i.e-average values)
An additional measuref polydispersity of particle size as the normalized variarace
can becalculatedrom first and second cumulants

var,= —— (2.28)

All diffusion coefficients established in this work were established from the method of
cumulants.
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In case of the characterization of NaPA standards (Ch3apté&r) t h zavefager u e 0
diffusion coefficient has been calculated from a procedure analogous to the Zimm
evaluation by extrapolation db(q) not only toq© 0 but also toc© 0 [116. The
dependence db(q, c) on the scattering vectar and on the concentration of scattering
particlesc in its linear approximation is

D(q,c)=DA1 +koc+ C'Y ¢f) (2.29)

whereC is a structurespecific dimensionless constant describing the angular dependence
of D(q, ¢) and hence depends both on sample polydispersity, particle topology and internal
motion [106,117,118. The parameteikp, describes the concentration dependence of
D(q, c). It depends on theictional coefficientk;, the second virial coefficie&, and he
particle specific volum#, as follows

Finally, the D, from eq@.29) can be transformed into an effective hydrodynamic radius
Ry by application of the Stokesinstein relationshipl19

Ry = (2.31)

——
wherekg, T and /7 are the Boltzmann constant, the temperature and the solvent viscosity,
respectively.

In case of systems characterized by DLS at only one certain concentration
(Chapters3.7, 4.1-4.4) the estimation of the diffusion coefficients was done vi&.8a)
omitting the concentration dependent term oRex§).

2.1.3 Combined Static and Dynamic Light Scattering

When the size of particles gets smaller thaniQ the form factor cannot hesedany
moreto characterize the shape of these particles. In this case one can extacicthee
sensitive parameter from combined SLS/DLS experimentghich is the ratio of the two
radii Ry andRy:

F=— (2.32)

The structuresensitive parameter adopts values of 1i31.8 for polymer coils 117,
22-24]. For NaPA in 0. NacCl, which corresponds to good solvent conditions, a value of
r =1.84 was establishedl23, which is in perfect agreement with the theoretically
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predicted value of =1.86 for neutral polymerslP4. In general, experimental values for
neutral polymers tend to be -P8% lower than theoretically expectedl2p).
Polydispersity increases [117]. Hard spheres have =0.78, which is significantly
smaller than the value for linear chains, and which enables distinction between coils and
spheres I22. In case of microgels, which can be in a swollen state or represent-a core
shell structure, the value may drop to values as low as @.2§.

Hence, by means @fcombination of the radius of gyration obtained from SLS thed
hydrodynamic radius gained from DLS one can retrieve information about the shape
(coil/sphere) and structure (hard sphere/sirell) of particles.

2.1.4 Light Scatterin g Instruments

CombinedSLS and DLSexperiments wer@erformedwith two differentinstruments
from the ALV -Laser Vetriebsgesellschaft (Langen, Germarsy)model ALV 5000E
Compact Goniometer System (CGB)da model ALV CGS-3/MD-8 Multidetection Laser
Light Scattering Both instruments arequipped with a H&le laser from Soliton with
35mW (Gilching, Germany), operating at a wavelength of 6828

The model 5000E CGS was used to analyze stable systems recording SLS and DLS
simultaneously. The scatterimgtensities were recorded by a photomultiplier mounted on
the goniometerTheangular range applied in this work was 8§ 0150°.

The modelALV CGS-3/MD-8 was usedo analyze static and dynamic light scattering,
detected withavalanchephoto diodes(APDs), in a timeresolved modeTR-SLS/DLS at
eight different observation angles simultaneously in an angular regia® 6fg O76°.

The software ALV5000EWin was used to perform the measurements and CONTIN
analysis of the scattering data. Téealuation of the combined SLS and DLS data was
done with the software ALV Static & Dynamic FIT AND PLOT 4.31.

TR-SLS measurementwere performed with a hommiild multi-angle goniometer
system 126. The instrument is equipped with a e laser fromSoliton (Gilching,
Germany) operating at 632081 and a power of 3®W. It enabled simultaneous recording
of the scattering intensity ati2 19 scattering angles symmetrically arranged as pairs on
both sides of the laser beam. The angular regime edvéy the instrument was
25.84°0g0143.13°.

Significant turbidity has to be avoided as it causes extinction and multiple scattering.
Therefore, a photoreceiver FEMTO €BO0-SI-FS with a lockin amplifier LIA-MV-150
(Berlin, Germany) was used to follow theoéwtion of turbidity online with the home
built multiangle goniometer systeniZf during all performed TFSLS experiments.
Signals based on 100 measurements were recorded evsryinl@ccordance with the
frequency of recording scattering curves. Thaoap signal of a sample which gets turbid
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over time was normalized by means of the first transmission value which was still
considered to exhibit 100% of transmission. Signals with transmission values larger than
80% were considered still amenable to ®&-SLS analysis and were corrected with the
respective transmission factor. Scattering sgmdilich corresponded to smaller values of
transmission were discardetus predetermining duration for TRLS experiment in some
cases.

All experiments were perfmed at a temperature of 26, which was fixed with a
precision of 0.01 °C by using a C25 Haake thermostat.

Solution preparation prior to light scattering measurements are given in Ct&api&r8
and3.8.

2.2 Small and Anomalous Small An gle X -ray Scattering

The magnitude of the scatterinvgctor g defines the observation length scale of the
scattering experiments. The largebecomes, the smaller the length scale and the sample
details get which can be obsedvé@igure2.3). One may consider scating also as an
inverse microscopic technique with the scattering vector as the resolution or magnification
of the inverse microscope. Th&maller q is, the lower the magnification and the
corresponding resolution of the structure giveen scattering péicle gets 102.

q
Figure 2.3 Sample details observed in case of a random polymer coil
depending orrscale.

The experimentallyccessible rangein light scatterings in betweerD.008nm* and
0.03nm* depending on the solvenna@ wavelength of the laser (see@.1)). It was
already mentioned in Chapt2n.3, that inSLS the form factorP(q) is only accessible
when thescattering particlegxceeda size of aboulOOnm and for smaller scatterers
allows only the determination otheir global dimensionsln small angle Xray scattering
(SAXS) experimentsthe q range extends approximately fro@05nm™* to 5nm*
depending on the detectsample distance and the useday energy. Thus, theider g
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range accessible withSAXS experiments makes it possible to scrutinize not only the
structural details, but also tifiem factorP(g) of the smallepatrticles.

The contrasin SAXS experimentss basecdn the difference in electraensity of the
constituting componentd herefore,for Ag*-PA solutions, investigated in this work, the
largestcontributionto the scatteringntensity comes fromthe monovalent silver cations
bound to PAcoils. Due to a lowelectron densityifference between thsolventand the
polymerchain,the latter one providesnly a small contribution

Anomalous small angle -Xay scattering ASAXS) enables the structural
characterization of the counterion distribution aroundpgblymer chainand quantitative
estimation of the amount of counterions condensed to the chains by tuning the energy in
the vicinity of the absorption edge of this counterion. The distribution of the counterions is
not accessible by conventional SAXS measurement becausedtiering contributions
from the polymer and counterions superimpose and cannot be separated. Variation of the
wavelength close to an absorption edge of counterions changes the scattering @ontrast
the counterionst a roughly constant scattering castrof the anionic chains, which host
the cations.

In the following paragraphs the evaluation of the data from ASAXS measurements will
be outlined. Mainlyit will be demonstrated how to extract the scattering pattern from the
Ag’ ions and quantify the aroat of these counterions bound to the domain of the PA
chains. Detailed information on SAXS and ASAXS methods can be found in the text
books P9,127,128], a review 129 and selected articled4, 16, 130.

In case of a dilute solution of Péhainssurrounded by positively charged Amns,
neglecting interparticle correlations, the scattering amplitude can be subdivided into two
terms corresponding #contribution from the organic polymer backbone, indicated by the
i ndBaywo i and the €toomrthetcounteriAghhs, | abel

A= Ym ORAZPOQdr+_ Ym O GDOQAr (2.33)

whereq is the magnitude of the scattering vector defined b@.&Ym  andYm are
the excess electron densities of the polyelectrolyte chains anidsy respectively

ym O=YQ an=(Q mo DO (2.34a)
Ym LE)=YQ % I30N=(("Q M D % WM DO (2.34b)

calculatedwith respect tdhe electron density of the solvewtand withthe volume of the
chain w and the volume of the Agions @ , while u(r) and OO describe the

respective number densities of the monomeric units forming the polymer chains and the
Ag’ ions as a functiorocal coordinates. The molecular scattering factor or the excess
number of electrons in a monomeric Wi (E) is nearly engyy independent, while the

atomic scattering factor of the counteriod€) (E) = "G; +"® (E)+ "M% shows a
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strong energy dependent variation in the vicinity of the absorption edge of thiensg

due tothe so-called anomalous dispersiaorrections’® (E) and "® 7 %. It should be
emphasized that a few percent in energy apart from the value of the energy at the
absorption edge contributions from the tefifis(E) and"® 7 % decrease to zero and X

ray scattering experiments turn into conventional SAXS experiments.

The scattering intensith(q), expressed as ttafferential scattering cross secties, is
calculated by squaring the amplitude in 288) according to— = I(q) = ® S =

AQHA(q) and averaipg over all possible spatial distributions accessible to the
monomers and counterions, which Istmla sum of three contributions

—(g) = I(q, E)=
o) B +2Red n Red A6 + 06 N (2.35)

where the terniRe : express the real part afcomplex functionZ. The indication ok as
variable in edf.34b) and eq?.35) in addition to g emphasizes the extraordinary
dependence ofm (r, E) on the energy/wavelength. The three terms i2.86) represent
thefollowing integrals L31]:

d =yo 060 Oc‘)]%jdsrdsr' (2.36a)
2Red 1 Wed N =

=2y % me 9 % C)OC’)O]%Sdsrdsr' (2.36b)
5 e = YQ % C’)C‘)OO]%Sd?Wd%' (2.36¢)

In eq@.36) the pair combinations of scattering centers separated by a distafcare
spatially averaged over gibssible orientationslBZ]

Aopoy i@d—"1 (2.37)

The partof the scattering intensitwhich originatessolely from the polymer gives a
nonresonant scattering contribution and is defined by.8g). The product of the
scattering amplitudesf the PA-chainsandAg” ionsis calledcross ternor mixedresonant
term given by ed.36b). It describeghe superposition afcattering amplitudesriginating

from thepolymers andAg” ions. The scattering intensitgmanatingsolely from the Ag*
cationsis given byeq(2.36c¢). It contains the segalled pureresonant scattering.
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By measuring the scattering curves at two energies in the vicinity of the absorption edge
of the Ad ions and subtracting the two scattering cu¥ds), &, &) = I( gE) (gE)
the nonresonant scattering contribution of the polyaner of the Ag cationsis vanishing
Vg B E)=2Y0 3% @ % _ 0O OOOI%qidSrdar'

YO % yo % ). ooooi%jdardsr' (2.38)
In order tocancelthe cross termone additional measurement atthird energyis
required in order to receivd(q, E1, B) = I(q,E) 1(9,E)
V(g B E)=2YQ 3 % @ % _ éOOO]%derdar'

yQ % yo % ). OOOO]%jdsrdsr' (2.39)

Thus, as a last step for isolatitite pure resonantscatteringcontribution,”Y (g), the
difference betweeWI(q, &, B) andYI(q, B, B) is formedand normalized by the energy
dependent anomalous dispersion corrections of the atomic scattering factor of the Ag

the related energies

Y (Q) =, C)C‘)OO]%Sd%dSr' -

__ (2.40)

The prefactor of the scattering contribution from the pure resonant sggegiesn by

F(ELE,E) = — . A - (2.41)

Hence, ed?.40) provides direct access to the scattering from th&idgs. Subtraction
of scattering curves (procedures expressed b®.3332.40)) has to be performed at
identicalq valuesfor each contributing component. The structural information of the Ag
ions surounding the macroions can be obtained from the analysi¥ ¢f). The only
parameters required to calcula¥ (q) are the two energy dependent correction factors
"® (E) and"@ {E). Table2.1 provides the anomalous dispersion correctfonsAg at the

three energies used in this work based on the calculations of Cromer and Liberman
[133,134.

Table 2.1 Anomalous dispersion corrections obtained by Crehieerman
calculations 133,134

Energy 24.637keV 25.500keV 25.521keV
"® (E) -2.999 -6.519 -10.143
"® (E) 0.591 0.555 3.619
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An important quantitative information can be deduced from the Hakadiant
[130,135 of the pure resonant scattering contribution from the absorbing spéciss.
related to the amount of Ag atoregalized in the PAohase

For didactic reasonsei us start with thefull invariant of the A§ ions Qi =

® n D 1 G A over a wide enoughy regime. The respective invariant is

determined by the averaged squared fluctuation of the ertmstson density of the Ag
ionstym O Ym O[135]

Qu=, ® 7B AGAM=2"1 Im O Im O (2.42)
or with respect to eg(36¢) and ed®.40) it can be rewritten as
Qu=YQ % Q2 Y 7AnQn (2.43)

wherei in egR.42) corresponds to the absolute scattet#mgth of an electron, which
renders the left hand side of this equation into absolute cross sections recorded in a
scattering experiment. Application of @f4b) introduces the number density of ‘Agns

O O leading to new expression

Q=21 YQ % OO &0 (2.44)

With the known volume of a single Agpn (® ), the number of Agions 0 ) and the
sample volume I¢) probed by the Xay scattering experiment, one can define the average
of the squared number density of (absorbing) Aans in soltion via the following
relation

O —0n—=29 (2.45)

wheredrepresents the averaged number density of the absorbing counterions in solution.
Inserting eq®.45) into eq@.44) results in

Q=21 Yo % 22 &0 (2.46)

In dilute solutions the second term in the brackets dl.46) can be neglected 29.
Thus combination of eg(43) with eq@.46) leads to the following expression

= ———Qu=—" Y nQn (2.47)

where the integral is limited to the experimentally accessjdpace Along this line of
thought, i.e. from e@42) until eqR.47), the nonresonant scattering contribution of the
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Ag’ ions is elegantly cancelled out and one can determine exclusively the amourit of Ag
ions/Ag atoms absorbed onto the-Rratrix.

From eqR.47) one can calculate the molar concentration of JAglated to the resonant
i nvariant by taking i mMiandusicgdhe tadius of A sileegiend r o 0 s
Y [1364

E—— Y qhen (2.48

In the present worlSAXS patterns of the AgPA solutions before and after UV
exposure (Chaptet.2) were recorded at three different photon energies (Rabjen the
vicinity of the silver kedge Eedge=25.5155keV). The measurements have been
performed at the B1 beamén(former JUSIFA) of the HASYLAB at DESY (Hamburg,
Germany) 137,13§. The Agd-PA solutions were prepareaccording to aprocedure
described in Chapt&x.3.

Quartz capillaries with an inner diameter ahgn and a wall thickness of 0.@8m were
purchasedrbm Hilgenberg (Malsfeld, Germany) and used as scattering cells for the SAXS
experiments. After theample was filled into the capillary with a syringe and thin needle,
two-component adhesive glue was used to seal the open end of the tube with-#ikennel
piece from d&Pasteur pipettelBY.

Measurements of glassy carbon at all three energies were used to normalize the
scattering curves to absolute scattering cross sections. All scattering patterns have been
normalized and corrected for background #&mashsmission. The scattering of the solvent
(0.01M NaNO;) was measured at 24.6B&V and subsequently subtracted from the
sample scattering. The scattering intenitgivenin units ofreciprocal lengtfcm™] by
use of the JUSIFA calibration standardfie ASAXS sequences covering three energies
obeyedthe JUSIFA standard procedures, i.e. repeating the whole sequence several times
with subsequent averagingj7, 14Q.

2.3 Ultraviolet -visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is technique used to quantify the fraction of
light that is absorbed and scattered by a sample. The obtained data are a quantity known as
extinction or attenuation, which is defined as the sum of absorbed and scattered light
[84,141]. Also denoted as absorbance we use the syAlbat attenuation/absorbance.

In a typical U\tvis spectroscopy measurement, we are measthagitensity of light
passing through a samplp, (and compang it to the intensity of light before it passes
through the sampld{). The ratiol/lp is called theransmittancg€T). The absorbance] of
the sample is related to the transmittance by
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A = -logio(T) (2.49

In its simplest form, a sample is placed between a light source and a photodetector, and
the intensity of a beam of light is measured before and after passing through the sample
(Figure2.4). Typically, U\vis measurements record the wavelength dependent
absorbance spectrum of the measured samples. The data is plotted as absovieasice
wavelengthl . Each spectrum is backgroundrrected using a cuvette filled with only the
dispersing medium to guarantee that spectral features from the solvent do not modify the
sample absorbance spectrum.

optical fiber

- sample
lenses iris

iris
light source %Hﬁ%— spectrometer

lens lens filter

Figure 2.4 Schematic representation of the UV/vis spectrophotometer.

Conductionband electrons of nanoparticles made of noble metals, particularly as gold
and silver, interact strongly with light having specific range of wavelengfhe
phenomenon of the surfacapmon resonanaa metal nanoparticleis explained in detail
in Chapterl.1.4 (Figurel.8). Silver nanoparticles have characteristic optical absorption
spectra in the UWis region and therefore can bedied using UWvis spectroscopy.

The UV-vis spectra were taken with a Lambda 19 (PeBtmer) in the wavelength
range of 35B00nm. The visible spectrum is generated by a tungs&ogenlamp,
whereas the U\fange originates from a deuterium lamp. For each measurement the
absorption ofdistilled water was measured and subtractefore measurement, the
samples were diluted with aqueous OMNaNO; solution to ensure the ionic strength to
be constantGhapterd.2.2). The extent of dilution was indicated along lwthe presented
UV-vis spectraFor UV-vis measurements the solutions were filled into disposable PMMA
cuvettes from VWR (Leuven, Belgium) with a volume omB and a path length of
10mm. The absorbance data were recorded by the program PerkinElmer WinLab.

2.4 Transmission EI ectron Microscop vy

Transmission electron microscoyEM) operates with the same basic principles as
light microscopy but uses electrons instead of light as probing waves. The much shorter
wavelength of the electreamakes it possible to get a thousdimdes better resolution than
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with an optical microscope. Therefore, small details down to near atomic levels can be
studiedby TEM.

The instrument is equipped with a medium accelerating voltage, abhgjitness
election source, digital image recording, a compuatantrolled sample goniometer and a
geometrically optimized »ay detector (Figur.5). The primary sourcat the top of the
microscope emits the electrons into the vacuum of the column of the microscopad Inst
of using glass lenses to focus the light in a light microscope, TEM uses electromagnetic
lenses to focus the electrons into a very thin beam. The electron beam then gets through the
specimen to be studied. Depending on the density of the investigatedal) some of the
electrons are scattered and disappear from the beam. At the bottom of the microscope the
unscattered electrons hit a fluorescent screen, which gives rigshadow imageof the
specimen with its different parts displayed in vargadkness according to their density.

The image can be studied directly by the operator or photographed with a camera.

\\«— high voltage source

< electron gun

m
anode j
condenser aperture —>u —

specimen airlock C =~
objective lens . L{[jlr

condenser lens

projector lenses =h [j‘ [ turbo pump
(high vacuum)
binocular :—> rotary pump
viewing scope —> %)) . =
,/<\ ) V, -
. . /// // e e R
viewpoint & AtH_— fluorescent screen

J plate camera

Figure 2.5 Schematic construction of TEM.

In this work threeTEM instruments were used in order to identify and characterize Ag
NPs formed under exposure to UNght in Ag'-PA (Chapte#.2) and in Ag-SPB
solutions (Chaptet.4).
The TEM-micrographs presented in Figu#eg.12, 4.2.15, 4.2.19 and4.2.20 were taken
using a CM100 (PW6021) microscope (Philips, Herrsching, Germany). The Was
operated at an acceleration voltage ok80in a brightfield mode. The specimen were
prepared oncarbon coated copper grid200e m me s h, Sci Manecle Ser v
Germany at room temperature. For the TEM measurements| 3 Agf-PA solutiors
illuminated with U\light for tyy =4 min were dropped on the coppgrid and after one
minute the residual solvent was blotted off with a filter paper.
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The TEMmicrographs shown in Figurds?.13 and6.11 were taken using a JE&RILOO
with a LaB cathode (JEOL, Eching, Germany). The TEM was operated at an acceleration
voltage of 20kV in a brightfield mode. EM specimens were prepared by putting
ca.5uL of Ag'-PA solutiors UV-exposed fortyy =4 min on a TEM copper grid with
carbon support film(200e mmesh, Science Services, Munich, Germany) at room
temperature. The carbon coated copper grids have been pretreateg gldw discharge.
The excess of liquid was blotted with a filter paper afteri2 The remaining liquid film
on the TEM grid vas dried at room temperature for at least one hour.

TEM-micrographs displayed in Figude4.6 were taken using JERDOOFX microscope
(JEOL, Eching, Germany). The TEM was operated at an acceleration voltagekdf 200
a brightfield mode. The specimenere prepared on coated copgeds 00 mmesh,
Plano GmbH, Wetzlar, Germany) at room temperature. For the TEM measurements,
ca.3e L o' SPRgplutions illuminated with UNight for tyy = 4 min were dropped on
the coppeigrid and after one minute thmesidual solvent was blotted off with a filter paper.

2.5 Scanning Electron Microscop y

Scanning electron microscod$EM) is a type of electron microscopy technique that
produces images of a sample by scanning over it with adrghgy focused beam of
electrons. The electrons interact with electrons in the sample, producing secondary
electrons (SE), baekcattered electrons (BSE) and characteristr@yXsignals that contain
information about the sample surface topography and composition. The eleetmaon b
generally scans the sample with a raster scan pattern and the beam position is combined
with the detected signal to produce an image.

In a typical SEM, an electron beam (Fig@réa) is thermionically emitted from an
electron gun fitted with a tungstdilament cathode. Other types of electron emitters
include lanthanum hexaborideaBs) cathodes, field emission guns, which may be of the
cold-cathode type using tungsten single crystal emitters or the thermally assisted Schottky
type, using emitters ofizonium oxide (ZrQ). The electron beam is focused by condenser
lenses to a spaif about 0.41m to 5nm in diameter. The beam passes through pairs of
scanning coils or pairs of deflector plates in the electron column, typically in the final lens,
which deflects the beam in the andy axes so that it scans in a raster fashion over a
rectangular area of the sample surface.

When the primary electron beam interacts with the sample, the electrons lose their
energy by repeated random scattering and absomfithim a teardrogshaped volume of
the specimen known as the interaction volume (Figwe). Depending on energy tiie
primary electrons, the atomic number of the specimen and the dehigspecimen, the
interaction volume may extend from less than a00to approximately fim into thebulk.
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The energy exchange between the electron beam and the sample results in the reflection of
high-energy electrons by elastic scatteringB&8E, emission ofSE by inelastic scattering

and the emission of electromagnetic radiation, each of which can be detected by
specialized detectors.

a In-lens detector b
electron gun ———> }
& v | 7
v — electron beam \//
first . d b ’ SE2 BSE
condenser lens de‘“{“"” " detector
second T |1
condenser lens X *
In-lens detector _ | Acray —
. . = detector
deflection coils R . C
ob]ectlve primary electrons
lens surface of the sample
BSE detector - Auger electrons
secondary electrons
sample —
p backscattered
| | electrons
vacuum m SE2 detector characteristic
uum pump X-ray radiation

Figure 2.6 Schematic representations of the construction of SEM (a),
the distinction between dlens and SE2letectors (b) and the interaction
volume (c).

The signals from SE result from the interactions of the electron beam with atoms at or
near the surface of the sample @mnddetected by Idens detectors (Figui27b). The In-
lens detectois perpendicular to the sample surface in the elastwal path. This implies
that it can only be used efficiently at low voltages up t&\20In this range the suction of
the so called beam booster has a very high yield of electrons. This allowteradad
gentler image generation compared to other detectors, especially at very low voltages.
Nearly pure detection of secondary electronsh@in-lens detector allows a very close to
the surface image that contains only little information from thk pbase.

BSE are often used in analytical SEM along with the spectra made from the
characteristic Xrays, because the intensity of the BSE signal is strongly related to the
atomic number of the specimen. BSE images can provide information about the
distribution of different elements in the sampléhe SE2 detectocaptures a combination
of secondary and bagcattered electrons. Compared to thdehs detector the image
information originates from a greater average sample depth. The SE2 detector
distinguises itself from other detectors because it is located in the chamber. Due to its side
mounting to the chamber wall it gives much better topographical information than other
detectors.
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A SEM instrument NeodO (Zeiss) was used for qualitative charactesatof
solutions with SPBs decorated with AllPs on the P$ores. Technical characteristics
used for taking SEMmages are given with the SEMicrographs presented in this work
(see Figures4.4.6,4.4.9,6.13,6.14). Pure SPB were characterized bg SEM Pbneer
(Raith GmbH) with EHT (extra high tension) voltage level &\V5(Figure3.17).

SEM experiments with all colloids were performed directly on a cleaned aluminium
stub as a substrate. Sample preparation was performed by placing a few drops of the
soluion on a cleaned aluminium stub and by gently evaporating the solvent under ambient
(room temperature and pressure) conditions. Siakbes of the SPBs decorated with-Ag
NPs were take by Inlens and SE2 detectors, whéhe latter one gave more information
on the coverage of P&res by AgNPs.

2.6 Other Methods and Instruments

Nuclear magnetic resonance (NMR) spectra of synthegizetbinitiators (Chapte3.4)
were recorded at room temperature in acet@n@Cambridge Isotope Laboratories Inc,
Andover, USA) usingn AC 400 spectrometer (Bruker) operating at 408z (*H-NMR).
Tetramethylsilane (TMS) served as an internal standard.

The pHvalue of NaPA and SPB aqueous solutions was adjusted to desired \&hges u
a small amount (c&.050.1mL) of 0.1M NaOH and monitored at room temperature
usingthe pH-meter SevenEasy S20 (Mettléoledo).

Conductivity of outer water (eluate) during the ultrafiltrationlatices (Chapter3.6)
was measured by a handheldndoctivity meter Con®40i (WTW) equipped with a
standard conductivity cellTetraCon325 (WTW). In order to determine the exact
concentration of CO®groups (Chaptes.7.2) conductivitytitrations of SPBs with aqueous
NaOH solutions was performed using #ame conductivity device.

The viscosityaverage molecular weight £of the NaPA chains constituting Pgkells
of SPBs (Chaptes.7.2) was determinedfom the intrinsic viscosity4Ein 0.5M NaCl at
25°C using an Ubblohde capillary viscome(8chott,Ubbelohde KPG, Cappilai§ize0,
K=0.001081-1Gcn?s?). Depending on the amount of the polymer, obtained after
hydrolysis of SPBs and subsequent purification by ultrafiltration, stock solutions of NaPA
with a concentration of-1.2g/L were prepared. Th&tock solutions of NaPA were gently
stirred at ambient temperatures during two days. Based on these stock solutions three
additional NaPA solutions with the concentrations of @/1I5 0.5¢g/L and 0.25/L were
prepared using 08 NaCl as a solvent. Detai on the calculation of the molecular
parameters from intrinsic viscosity, defined by means of the extrapolation of the specific
viscosity to zero NaPA concentration, are givehapter3.7.2.
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3 Experimental Procedures

3.1 Materials

Sodium nitrate(NaNG;) magnesiumsulphatehexahydrate(MgSQO, - 6H,0), sodium
chloride (NaCl) and calcium chlorideexahydrate(CaCl - 6H,0) from Fluka (Buchs,
Switzerland), silver nitrate (AgNQ) from SigmaAldrich (St.Louis, USA), potassium
persulfate (KPS) fromSigmaAldrich (Taufkirchen, Germany), sodium borohydride
(NaBH,) (Taufkirchen, Germany)sodium dodecylsulfate (SDS) from SigmaAldrich
(Tokyo, Japan), 4-hydroxybenzophenone from Sigmddrich (Shanghai, China),
triethylamine from Sigma&ldrich (Diegem, Belgium), benzoin from Sigafddrich
(Taufkirchen, Germany), dimethylaniline from Sigm@drich (Bangalore, India), 2
hydroxy-4’-hydroxyethoxy2-methylpoopiophenone from Sigmaldrich (St.Louis, USA)
with a purity >99%were used as received.

Styrene from Sigm&ldrich (Taufkirchen, Germany), acrylic acid from Sig#lrich
(Zwijndrecht, Netherlands), acryloyl chloride from Fluka (Buchs, Switzerland) and
methacryloyl chloride from Fluka (Buchs, Switzerland) wengsed as received. These
liquids weredestabilized by a flush colunehargedwith basic aluminium oxide Woelm
B-Superl from Woelm Pharma (Bad Honnef, Germany) before use

Acetone, chloroform, dietth ether, ethanol, toluene,tert-butanol, pyridine,
dimethylaniline, triethylamine from Sigm@ldrich (Taufkirchen, Germanwvith a purity
> 99% were used as received.

Silica gel 60 from Flu& (Buchs, Switzerland) wassed for column chromatography.

The N&A standards NaPA800 andaPA1300 were purchased from Polysciences
(Eppelheim, Germany) and were used as recei@dracterization of both samples in
dilute solutionwas performed by combined SLS/D(&:e Chapte3.2).

Bidistilled water with aconductivity <0.1uS/cm was purified by reverse osmosis
(Millipore) and used for the preparation of ajugous solutions.

3.2 Characterisation of NaPA Standards by Light Scattering

The N&A standards NaPA800 and NaE3®0 were characterized by combined
SLS/DLS with the Model ALVCGS 5000E in aqueous solution of ®1NaCl which
represents a@hermodynamically good solvenf][ at pH=9 at 25°C. The NaPAS800
standard was also characterized in aqueous solution oMINIANG; at pH=9 at 25°C.

All NaPA stock solutions wengrepared and gently stirred at room temperature for 2 days
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All solvents and solutions were filtered through On22 cellulose mixed estesyringe
filters from Millipore (Eschborn, Germanyyior to the scattering experiments remove
dust. Cylindrical quartz cuvettes from Hellma (Mullheim, Germany) with an outer
diameter of 2%nm were used for all light scattering experiments. Prior to any
measurements scattering cuvettes were cleaned from dusbritynuously injecting

distilled acetone for 1min.

In the evaluation of the light scattering data values of a refractive mgek 3363 and
a viscosity/ = 0.956 mPas foraqueous solution d.1 M NaCl and of a refractive index
n = 1.3357 and a viscdgi # = 0.948 mP&s for aqueous solution d3.01M NaNO; were
used. Refractivindex incremens dn/dc = 0.174 mL/g and mfdc = 0.167 mL/g were used
in the evaluation of the static light scattering d&ba standards NaPA800 and for
NaPA1300, respectively5]. Dynamic data(lower graphs ofFigures3.1, 3.3-3.5) was
treated via e@.29)and e@2.31) The particle size distribution of the NaPA solutions in
terms ofvar, were characterized by means of DLS: ietensitycorrelation functions were
evaluated with a decaf g@(q, £) T 1 (see eq.(2.19)p 31% by the second order cumulant
methodat a scattering angle df= 30°.

3.2.1 Characterisation of NaPA800

Five concentration®f the sample NaPA80O0 in aqueous solutior0dfM NaCl had
been used based on a stock solution witleracentratiorof 2 g/L. The SLS/DLS aalyses

was carried oun theregime of the scattering vectgof 47 < ¢ < 657 nm>.

Figure3 . 1
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di agr ams
scattering data were evaluatedBgrry analysi§144], which ismore appropriate because
the width of the concentration regime indsiGn upwarebending of the exapolated
(blug) data points. Thus aired data evaluation is needéh a first step we linearly
extrapolateKc/LRp to o = 0, where 126 g < 554mm?>. In the second step vpotted the
each intercept
method e¢B.1) (Figure3.2). The results of the evaluation from both SLS and DLS are
summarized in the Tabk1.

as a

(3.1)

Table 3.1 Characteristic parameters of sample NaPA800 invDNaCl from
the combined SLS/DL8&nalysis (Figur&.1).

M,/ gmol™*

Ry/ nm

R,/ nm

r

A,/ 10° molLg?

ko/Lg™

var,

503000

72

48

15

11

0.47

0.25

"The polydispersity index was indicated by a suppligvigd/, = 1.3, whereM,, andM, is the
weight average and number average of the molar mass respectively.
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Figure 3.1 Zimm diagramfrom gatic and dynamidight scattering oample
NaPA80Ocharacterizeéh aqueous 0.M NaCl solution: k = 3000, 47 ¢ <
657 mm°>. The Hue data points correspond to thieear extrapolation of

Kc/DR, to g =0. The dashed line is a guide for the eye indicating the
extrapolatiorof Kc/[ORp- 40 ¢ = 0.

0.0030;

o

O 0.0025|

0.0020;
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Figure 3.2 Extrapolated values of théc/LRo- glotted verses according to
Berryds method (eq(3.1)).
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In order to verify the results from the previous characterization, polyacrylate sample
NaPAB800 was characterized in MINaCl at pH=9 at 25°C a second time in a different
concentration range: 04c < 0.4 g/L(Figure3.3). The SLS/DLS aalyses was carried out
in theregime of the scattering vectqrof 47 < g < 470mm?. The static dat@resented in
Figure33wer e treated via Z0Gmsngsq2Hp gnceir thimat i on
concentration range the extrapolatiorkef LRp- 40 ¢ = 0 is possible via linear regression.

The established molecular parameters from both SLS and &kSsummarized in
Table3.2.

' I ' I ' I
0 1000 2000 3000
2 -2
(q"+ kc) / mm
Figure 3.3 Zimm diagramfrom gatic and dynamidight scattering ofample
NaPA800characterizeéh aqueous 0.M NaCl solution: k =7000, 47 <¢f* <
470 mm”. The Bue data points correspond to tlieear extrapolation of

Kc/DR, to o = 0. The dashed line is a guide for the eye indicating the
extrapolatiorof Kc/LRp- 4o ¢ = 0.
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Table 3.2 Characteristic parameters of sample NaPA800 invD.MaCl
from the combined SLS/DL8&nalysis.

M,/ gmol* | Ry/nm | R,/nm r A,/ 10°molLg? | ko/Lg™ var,
447200 67 41.6 1.58 1.5 0.39 0.25

Both SLS/DLS characterisations in good solvent @.NaCl) gave values of the
molecular parameters close to each other and are considered as a satisfactory reproduction.

Since there are a lot of experiments on NaPA withi idgs in 0.0IM NaNGs, the
NaPA800 standard was characterizedth@at solvent too. Aconcentration range of
0.1<c<0.4 g/Lhad been appliedhe SLS/DLS analyses was carried out in the regime of
the scattering vectay of 47 < g” < 470mm?. The static data presented in Fig8r were
treated via Zi mal§susing egR.014d X he neatablisiked mdlecular
parameterfrom both SLS and DL&re summarized in Tabgs3.

Table 3.3 Characteristic parameters of sample NaPA800 in BL0NaNG;
from the combined SLS/DL8&nalysis.

M,/ gmol* | Ry/nm | R,/ nm r A,/ 10° molLg? ko /Lg™ var,
449800 89.1 52.8 1.69 428 1.096 0.25

As it can be expectethe molar mass of NaPA800 established in GAONaNO;
(Table3.3) is in a close agreement with results of NaPA80O0 characterisationvhNall
(Tables3.1-3.2). Thevalues of the second virial coefficienf, as well as the radius of
gyration Ry are bigger in 0.0M NaNGs. As it is knownan increase ofthe inert salt
concentration in dilute solutions of polyacrylate results in a decrease of a solvent quality
[5], therefore the impa of excluded volume effech) is supposed to bamaller in 0.1IM
NaCl. The small discrepancies R,, My, andR, (Tables3.1-3.3) can be explained by the
fact that polymer was used from different viedseived from the producer (Polysciences,
Eppelheim, Germanyhereforethe actual polymer parameters can slightly deviate.

45



D / mm°st

' | ' | ' |
0 1000 2000 3000
2 -2
(g + kc) / nm
Figure 3.4 Zimm diagramfrom dgatic and dynamiclight scattering of
NaPA800 in aqueous@ M NaNO; solution: k =7000, 47 <g < 470 mn?.
The Hue data points correspond to theear extrapolation ofKc/LR, to

g’ = 0. The dashed line is a guide for the eye indicating the extrapolattion
Kc/DRp- g0 c=0.

46



3.2.2 Characterisation of NaPA1300

Five concentration®f the sample NaPA1300 in aqueous solutio®.4fM NaCl have
been used based on a stock solution witboacentrationof 0.4g/L. The SLS/DLS
analyses was carried oirt theregime of the scattering vectgof 47 < g° < 350 mm?.

/ molg?!

Kc/DR

D / mm°st

' I ' I ' I
0 500 1000 1500
2 -2
(g° + kc) / mm

Figure 3.5 Zimm diagramfrom dgatic and dynamiclight scattering of
NaPA1300in aqueous 0.M NaCl solution: k =3000, 47 <¢ < 350 m?.
The Hue data points correspond to theear extrapolation ofKc/LR, to

g’ = 0. The dashed line is a guide for the eye indicating the extrapolattion
Kc/DRp- g0 c=0.
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The static datgpresented in Figue5wer e treated via BWgmmods

using eq@.14). The established molecular parameters from both SLS and DLS are
summarized in Tabld.4.

Table 3.4 Characteristic parameters of sample NaPA1300 itvONaCl from
the combined SLS/DLS&nalysis.

M,/ gmol* | Ry/nm | R,/nm r A,/ 10° molLg? ko/Lg™t var,
2890000 156 92 1.7 1.1 1.55 0.33

“The polydispersity index was indicated by a supplievi@g®l, = 15, whereM,, andM,, is the
weight average and number average of the molar mass respectively.

3.2.3 Comparison and Conclusion

The established molecular parametersRgsR,, r-ratio andA, from the SLS/DLS
characterisation of the NaPA800 and NaPA1300 samples iM (NRCI solution are
compared with calculated ones via equati®as3.4 [5]:

R, = 0.0214M,,2° (3.2)
R, = 0.0112M,2° (3.3)
Az = 0.107M,,%3 (3.4)

Table 3.5 The calculated and established molecular parameters of NaPA800
and NaPA1300 samples from SLS/DLS characterisation iMONRCI.

NaPA | M, /gmol* | R,/nm R,/ nm r A,/ 10° molLg?
sample (exp.) | exp.|calc.| exp. [calc.| exp. | calc. | exp. calc.
NaPA800 | 503000 72 | 56.4| 48 30 15 1.88 1.1 1.23
NaPA800 447200 67 | 52.6| 416 | 275| 158 1.91 15 1.28
NaPA1300| 2890000 | 156 | 161 92 84.3| 1.7 1.91 1.1 0.68

Table3.5 summariseshe Ry, R,, r -ratio andA; values from Table8.1-3.2 and3.4 and
the calculated ones by means of 323.4) with molar mass valuedl,, used from the
experiment. The size of the Rils in terms ofRy and R, of the NaPA800 sample from
the experimental data are higher than the theoretically expected ones3fsf#62%vhereas
values of the structurgensitive factor are 1020% smaller than the calculated ones. For
the NaPA1300 sample the deviasaf the expemental parameters from the theoretical
ones are smallghan in case of the sample NaPA&btarewithin £10%. The reasoning
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for the observed discrepanciesthis work and in reference [$hn be theonnected with

the differences inthe concentratiomangesof NaPA solutionsusedfor the SLS/DLS
analysis as well as theq range and the methaxl(Zimm, Berry of Guinierlusedduring

the evaluation of the SLS/DL8ata The experimentat -ratio for chains with a high
polydispersity can be lower thathmeoretically expected value of 1.86, therefore the
observed variance in this parameter (T&b® can be considered as acceptaidiereover

the data presented in Chapt8r3.1-3.2.2 are within the uncertainties of the established
values in Tabl& preented inreference [5hnd can be regarded as an adequate analysis for
further discussions.

3.3 Sample Preparation for Light Scattering 0 Linear PA

All stock solutions were prepared with bidistilled water, which was degassed by
exposing it to ultrasountbr 2h and subsequently to a gentle stream of argon ForA
stock solution of the NaPA in 0.0 aqueous NaN©at a pH of 9 was prepared and
gently stirred at room temperature for 2 days. Solutions df iBigs were prepared as
aqueous solutions of AgNGn 0.01M aqueous NaN@at a constant overall concentration
of positive charges of [A¢ + [Na'] = 0.01M. This was achieved by replacing a selected
small amount of Naions by an equivalent amount of Agns. All solutions were kept
under an atmospheaé argon n the dark until they were us¢t].

All solvents and solutions were filtered through On®2 cellulose mixed estesyringe
filters from Millipore (Eschborn, Germanyyior to the scattering experimerits remove
dust. Cylindrical quartzcuvettes from Hellma (Mullheim, Germany) with an outer
diameter of 2%m were used for all light scattering experiments. Prior to any
measurements scattering cuvettes were cleaned from dusbridinuously injecting
distilled acetone for 1min.

An aggregtion threshold of A§PA solutions (Chaptert1.1) was established using
combined SLS/DLS instrument ddel 5000E Compact Goniometer System (CGS) from
ALV -Laser Vetriebsgesellschaft (Langen, Germanyn angular regime of 3@ g 060°.

TR-SLS experimenton Ag*-PA solutions(Chapterst.1.2) were performed with a
homebuild multrangle goniometer system [126] in an angular regime of
25.84°0g0143.13°.

TR-SLS/DLS experimentsof Ag*-PA solutions(Chapterst.1.2-4.1.4) were done using
model ALV CGS-3 Compact Goniometer Systeirom ALV-Laser Vetriebsgesellschaft
(Langen, Germanyih an angular regime of 2@ gO76°.

All light scattering experiments were performed at €5t the evaluation of the light
scattering data values of a refractive intlex 1.3363 and a viscosity = 0.956 mPas for
agqueous solution d.1M NaCl and of a refractive index= 1.3357 and a viscosit§ =
0.948 mPas for aqueous solution oD.01M NaNO; were used. Refractivendex
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incremens dn/dc = 0.174 mL/g andfdc = 0.167 mL/g were used in the evaluation of the
static light scattering dafar standards NaPA800 and for NaPA1300, respectidgly [

The scattering from NaPA solutions in theesence of AgN@depends in a complex
way on the ratio of Agions and COGgroups, and a simple extrapolation procedure to
c =0 becomes impossible. Hence, 8tatic and dynamiscattering curves in those cases
were approximated with the angul@ependat pars of eq2.14) and eq(2.29)which
render molecular parametdyvk,, Ry andR, to apparent parametetdydrodynamic radius
R, was treated via eq(2.312i mmoé s a p p[l08]xwasnaset folo aomparatively
small particles in the range qR, < 1. Data for the aggregation experiments witH Ams
turned out to ben mostcasess ui t ably analyzed according t
[110].

3.4 Synthesis of Photoinitiators

3.4.1 Synthesisof HMEM

The procedure of the synthesis d&-[p-(2-hydroxy-2-methylpropiophenone)]
ethyleneglycolimethacrylat§d HMEM) was reported earlien referenceg§46-48]. HMEM
was prepared by a SchottBaumannreaction(Figure3.6). In a typical run 11.9 of 2
hydroxy-4"-hydroxyethoxy2-methylpropiophenom and 5.4 of destabilized methacryloyl
chloride were added into a 28 flat-bottomed flask charged with 1@9L of acetone.
Reactants were dissolved at ‘8D under vigorous stirring (c&00rpm). The mixture was
then cooled down to TC using an ice bath and 1L of pyridine was added dropwise to
the cooled mixture. The reaction lasts fdn.8he reaction mixture was put into the fridge
during the successive night. On the next day the resulting product was carefully washed for
five times with water and dried over anhydrous®@;,. Further purification was achieved
through column chromatography on silica gel using a mixture of acetoluene = 1:1 as
an eluent. The overall yield waa.40%.

'H NMR (CDsCOCD; din ppm): 1.50 3 H,-C(CHg)-), 2.09 6, 3 H, =C(CH)), 2.89 §,
1 H, OH), 4.40, 4.52t(4 H, CHCH,), 5.63, 6.08d, 2 H, CH), 7.01, 8.241f), 4 H, GH.).
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Figure 3.6 Scheme of theysithesis of HMEM.

3.4.2 Synthesisof BA

The procedure othe synthesis obenzoin acrylate(dBA) was reported earliem
reference$47,48]. BA was prepared by a SchottBaumann reactiofFigure3.7). Under
vigorous stirring (ca500rpm), 28.5g of destabilized acryloyl chloride was dropped into a
mixture of11.1g benzoin, 28.8nL of dimethylaniline and 5énL of chloroform at 10C.

After the addition of acryloyl chloride, the reaction was gently stirred flora2 0°C.
Chloroform and the remaining acryloyl chloride were removed under vacuum. The solid
resicle was hydrolysed with 8 H,SQO, and washed with water for eight times until a
pH =7 was reached for the organic layer. The final product was recrystallized from ethanol
twice. The overall yield wasa.75%.

'H NMR (CDsCOCD; din ppm): 5.97, 5.99d, 2H,=CH,), 6.276.32 @, 2H, =CH), 6.42,
6.46 6 1H, CH), 7.09¢ 1H, GHs), 7.40 (, 2H, GHs), 7.49 ¢, 2H, GHs), 7.60 (n, 2H,
CeHs), 8.06 €, 1H, GHs).
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Figure 3.7 Synthesis of BA.

3.4.4 Synt hesis of ABP

The procedure of the synthesis #facryloxybenzophenon@BP) was reported earlier
in reference$47,48]. ABP was synthesized by a Schoti@aumann reactio(Figure3.8).
In a typical run, 5.9 of destabilized acryloyl chloride was added dropwise tartix¢ure
of 7.5g of 4hydroxybenzophenone and @g3triethylamine in 100nL of anhydrous
diethyl ether solution. The reaction mixture was refluxed fdr & 0°C and then
hydrolysed with 0.IM aqueous HCI. The organic layer was washed at first with 5%
ageous NaOH solution to remove the impurities and successively for 7 times with water
until a pH of 7 was reached. After being dried by anhydrousS®a the solvent was
removed under vacuum. The raw product, a yellow oil, was dissolved in boiling ethanol
and then filtered after treatment with activated charcoal. A white powder of ABP was
obtained by recrystallizing the solution from ethanol at 0 °C twice. The total yield was
60%.

'H NMR (CDsCOCD; d in ppm): 6.14 iy, 2H, =CH), 6.41 fn, 2H, =CH), 6.61 fn, 1H,
CH), 7.38 (, 2H, GHs), 7.57 fn, 2H, GHs), 7.67 (, 1H, GHs), 7.80 (m, 2H, GHs),
7.88 (n, 2H, GHs).
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Figure 3.8 Synthesis of ABP.

3.5 Preparation of  Spherical Polyelectrolyte Brushes

3.5.1 Synthesis of Polystyrene Core s

The polystyrene (PS) core latices were synthesized using a conventional emulsion
polymerisatioraccording to a procedureported in references [48]. In a 500mL three
neck rounebottom flask equipped with a thermometer, a reftoxdenser, a stirrer and
thermostatic system (IKA RCT classic) Al of styrene was polymerized in 186L of
bidistilled HO using 0.382) of SDS as surfactant and 0.08®f KPS as initiator. SDS
was dissolved first in bidistilled water while stirring atien freshly destabilised styrene
was added into the flask. Successively, the solution was degassed in vacuum and filled
with N, by means offour freezepumpthaw cycles using liquid nitrogen. The emulsion
polymerisation was started by adding KPS at émeperature of 80C. The reaction lasted
for 1.5h at 80°C. At the end of the reaction the temperature was lowered t€.70he
next step followed immediately after the styrene polymerisation.

3.5.2 Grafting of Photoinitiator Layer S

In order to achieve welldistributed layer of the photoinitiator on the -B&e, the
photoinitiator HMEM, BA or ABP (23% mole percent of styrene) was dissolved in
acetone and added with a syringe under starved conditions manuaftyl @fla 30wt. %
solution of photoirtiator was injected into the reaction mixture evermi [46-48]. After
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the last addition, the latex was cooled down to room temperature and purified by serum
replacement (see Chap®6) against pure water until the conductivity of the outer water
becane stable.

3.5.3 Synthesis of Spherical Polyacrylate Brushes

The purified core latex equipped with a thin layer of photoinitiator was added to a
homemade UMeactor (UMVlamp Heraeus TQ50, range of wavelengths: 2600nm)
and diluted to 2wvt. % with bidstilled water. Destabilisedcrylic acid (50% mole percent
of styrene) was added and afterwards the solution was degassed in vacuum and filled with
N, by means ofour freezepumpthaw cycles using liquid nitrogen. Photopolymerization
was performed witlthe use of UWis radiation at room temperature foh3This time
period of U\vis illumination insures the complete formation of the-shell [47).
Vigorous stirring ensured homogeneous conditions during the photopolymerization. To
remove possible coaguh the latex was filtrated through a folded filter (Mach®igel,
Duren, Germany) after the polymerisation was completed.

Photoinitiators HMEM, BA and ABP follow two different mechanisms of the
photoinitiation. Figure3.9a illustrates the cleavage meclsamiof HMEM and BA, where
these molecules split into two radicals under-idddiation. The ABP molecule gives rise
to free radical species by a hydrogen abstraction mechanism (Bi§byewhich provides
the formation of a ketone singlet excited state) (84 evolution by an intersystem crossing
process (ISC) to triplet state (T1), and finally its photoreduction by a hydrogen donor
(RH). Without the use of a hydrogen donor, no brush can be fodiedd. Hence, imL
of tert-butanol has been used ashgdrogen donor to initiate ¢h mechanism of
photoinitiation

o) o)
hn
Ar—C—R ——> Ar—Ce + R @
i i i T
Ar—C—Ar —M o | A—C—ar 51ﬁ> Ar—C—Ar Tlﬂ Ar—c—Ar + oR (D)

Figure 3.9 Mechanism for photoinitiation. (&}leavage mechanism for the
photoinitiators HMEM and BA. (bjlydrogen abstraction mechanism for the
photoinitiators ABP

54



3.6 Purification of Latices

The latices must be cleaned from impurities incorporated in the fatex to the
characterization and further application in order to avoid potential problems. It is
particularly important for polyelectrolytes since their behaviour is very sensitive to the
ionic strength in solution. The serum replacement method (alsdedieas ultrafiltration)
was used in order to clean both-B8esequipped with a layer of the photoinitiatand
SPBs.

The serum replacement applies pressure to force the solvent and small impurities across
a membrane while the larger latex particles atained. The equipment was made in our
university (Figure3.10) in accordance with literatur&45. Latices with a concentration of
5wt. % were cleaned by serum replacement with nitrocellulose membrane filters from
Millipore. In case of purification of dutions with PScores decorated with the
photoinitiator the membrane pore size ofrs0 was used, in case of solutions with SPBs
the membrane pore size was 100. The applied pressure was ha&8s. The cleaning
process in the ultrafiltration cell was f@mmed against bidistilled water until the
conductivity of the eluate did not change anymore.

vent valve 1.8bar N,
—_—
I —————1
metal — PVC tube
bars to fix —
PVC tube
magnetic T
stirrer e pasket
<————— membrane
— metal grid
e —— mctal base
with outlet
for serum

Figure 3.10 Schematic sketch and photo of the serum replacement cell.
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3.7 Characterisation of Spherical Polyacrylate Brushes

3.7.1 Determination of Size s and Size Distributions

A drop of latices was diluted with deionized water to a final concentration &0 gpm
for the DLS analysis performeaith the Model ALV-CGS5000Eat 25 °C in the range of
the scattering angles 38°g < 150°. All solutions werefiltered through 0.4%m cellulose
mixed estersyringe filters from Millipore (Eschborn, Germany) prior to the scattering
experiments to remove dust. A refractive index n=1.3357 and a viscosity
h=0.948mP& s for aqueous solution of 0.04 NaNOs/NaCl were used. Dynamic data
wastreated via e(®.29) omitting the concentration dependent term, hydrodynamic radius
R, was calculated by means of eq(2.31).

Such a low concentration of polyacryldteushes in pure water did not lead to any
aggregation press which is expected in pelgctrolyte salt free solution¥he pH value
of salt free solutions was adjusted to the value ofl@arior to the DLS analysis, which
enables to assume that the -Bt#ains of SPBs are fully stretched. The particle size
distributions were characterizéd terms ofvar,. Tenintensity-correlation functions were
evaluated with a decayf g?(q,t) - 1 to 31% by the second order cumulant metabé
scattering angle af = 30°. The averageuar, valuesare summarised in TabB6 together
with theR, of PScores and SPBs.

Table 3.6 Values of hydrodynamic radi®, andvar, of the PScores and of
the SPBs measured by DLS.

Grafted var, pH of solutions var,
photoinitiator Rups/ MM | pScores|  with sPBs | 0P "M | ¢ gpgs| -/ MM
HMEM 59.2 0.058 10.3 218.9 0.064 159.7
ABP 71.7 0.053 9.6 163.1 0.069 91.4
BA 70.0 0.070 10.1 220.0 0.071 150

Since the time of emulsion polymerisation of styrene was fixet00 min before the
photoinitiatorhad been chemically bonded the final size o&ll PScores in three types of
SPBs issimilar. Figure3.11 shows SEM micrographs &PBs which exhibit a well-
definedspherical structurand also demonstragenarrow size distributionin accordance
with the DLS dataTable3.6). The diametersf laticesare all around10-130nm, which
is closeto thePScore sizeR,ps determined byDLS. Apparently,the PAchainsfold back
onto thePScore surface during drying ¢fie sample and hardlyontribute to the visible
size in this case
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Figure 3.11 SEM micrographs ofSPBs prepared by photoemulsion
polymerisation using photoinitiator ABP (A), BA (B) and HMEM (C).

A polydispersity as low as caar, = 0.07 allows to derive the thicknelsof the surface
layer as 46-48]

L = Rn,spe- Raps (3.5)

Accordingly to Gucetal. [47, 48] thethickness of the PAhellL is expected talepend
on the grafted photoinitiator in the following ordek{ABP)<L(HMEM) <L(BA).
However, in Table.6 the maximalL value was obtained for SPBs based on the®8s
grafted with photoiitiator HMEM. This slight incompatibility may stem from
experimental conditions during the tstep polymerisation, of the shell such as a variation
of the exact rate of adding the solution with photoinitiator to the polystyrene solution or a
variation ofthe exact amount of destabilized acrylic acid leavingflingh column. The
results are still in agreement with works published earlier and suitable for further
experiments46-48|.

3.7.2 Determination of Brush Parameters

The initiators ABP, HMEM and BAused in this work contain an ester bond
(Figures3.6-3.8) which connects the initiating group to the-&fse. Since the ester bond
can be cleaved by a strong aqueous base, the polyelectrolyte chains can be removed from
the surface of latex particles andabised separately. Hence, il of latices which
contain about 0:0.3g of polyacrylate were hydrolysed withM2 NaOH solution in a
250mL roundbottom PFA flask at 12€C for 10 days. During the hydrolysis the latices
became unstable and coagulated. Afgdrolysis, the coagulum was separated from the
suspension by centrifugation with 200@0n/min for 3h. After neutralisation the RA
chains remained in the supernatant liquid. They were purified by means of serum
replacement with regenerated cellulosembeane (Millipore, molecular exclusion size:

5 kDa) against deionized water.
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The amount of purified NaPA was determined by gravimetry after fregzeg.
Measurements of the intrinsic viscosi#ffin 0.5M NaCl at 25°C using an Ubblohde
capillary visconeter allowed to determine the viscosityerage molecular weig «of
the NaPA bymeans of MarkHouwink relation

[A= KO, (3.6)

where K anda are MarkHouwink constants characteristic for the type of polymer, solvent
and temperature of the viscosity experiment (for NaPA.5M NaCl solution at 25C:
K =0.0186 mL/g.a = 0.72 [L46]).

The hydrodynamic radius @fee PAchains was estimated by

et 3.7)

Rh,pAchain =
The determination of the grafting densisy follows from the measurement of the
grafted amount of P&hains on the RSurface, determined by direct conductivity titration
of latices after serum replacement with aqueous NaOH solution:
b h

P — (3.8)

t h

whererpsis the density of bulk PS equal t@giken?,Nai s AvogadrRyéisthe onst a
hydrodynamic radius of the R®re determined by DLS (TabBsb), wt.% pashei=

is the mass percenf the PAshell (calculated from the conductivity titration of

latices) to the overall mass of the brush (found from gravimetric measurements) and
Wt. % pscore = — IS the mass present of the-B&eto the overall mass dhe

brush.
The average distand2 between two neighbouring grafted points can be derived from
the grafting density via relation 8]
Only onceD gets distinctly smaller than two times Rf of the PAchains, the polymer
chains stretch away from the surface into the solution, forming a brush, otherwise the
configurations of the grafted chdd4d.ns resemb

Table3.7 summarizes the analytical results of thretitsons with SPBs prepared by
means of phot@mulsion polymerisation.
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Table 3.7 Parameters of SPBs synthesised by photoemulsion
polymerisation.

SPB Rops/ NM | Mg/ gmol* | s/nm? | Ripachan/ M | D/nm L./ nm
SPB(HMEM) 59.2 61642 0.055 8.0 4.9 163.5
SPB(ABP) 1.7 34837 0.044 5.8 5.4 93.6
SPB(BA) 70.0 56946 0.046 7.8 5.3 153.6

The average distanc&sare all much smaller than two times the hydrodynamic radius
Rn pachain Of free PAchains, which confirms the fact that the ®Aains form a brush
structure on the R8ores. The values of the viscoséyerage molecular weigi £and
grafting densitys are in a close agreement with the literature data where the same
syntheticroute in the preparation of the SPBs was appHé&p]. As it can be seen from
Tables3.6-3.7 the averaged contour length of the-BiAainsL., estimatedrom M4 and the
thickness of the PA&hell L, measured by DLS of the salt free solutiorhagh pH, agree
alsowell.

3.7.3 Effects of pHand ionic Strength on the PA-shell

It is well known from literature that the behaviour of SPBs consisting othdins
must depend on the pH value and ionic stren§tf). [To check the influence of these
parameters on the synthesized SPBs in our work, a drop of latices SPB(HMEM) was
diluted by 50mL aqueous NaN@solution at different NaN@concentrations: 0.00¥,
0.01M and 0.1M to a final concentration of c&0 ppm Successively, the pMalues were
adjusted to cal0 and to cab by addinga small amount of 0.4 NaOH (.050.1mL).
Solutions were mixed with a magnetic stirrer fdn Before being monitored by DLShe
DLS analysis performedith the Model ALV\CGS 500E at 25°C in the range of the
scattering angles 36° g< 150°. All solutions were filtered through 0.48n cellulose
mixed estersyringe filters from Millipore (Eschborn, Germany) prior to the scattering
experimentsto remove dustA refractive indexn=1.3357 and a viscosity? = 0.948
mP& s for aqueous solution of 0.04 NaNOs;/NaCl were usedDynamic data wasreated
via eq(2.29) omitting the concentration dependent term, hydrodynamic rBgiuas
calculated by means of eq(2.31).
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Figure 3.12 ThicknessL of the PAlayer of SPB(HMEM)as a function of
pH atdifferent ionic strength<€d.001M NaNG; (A), 0.01M NaNG; (A) and
0.1M NaNG; (A).

Figure3.12 demonstrates the change in brush size measured by DLU%oat
significantly different pH and three NaN@oncentrations. At low pH the Réhains are
slightly charged and due to low electrostatic repulsions thehfns a hardly stretched.
Upon increasing pH a marked stretching of the-dhAins with increasing ettrostatic
repulsions occurs due to the increased dissociation of @@0Dps. With increasing the
salt concentration the SPB shrinks due to the screening of charged carboxyl groups by
counter ions. At high pH this screening effect is more pronouncediseecd the higher
degree of dissociation of carboxylic groups.

The dependence of the thicknésef the PAlayer, calculated from DLS measurements
(eq.3.5), on the salt concentration is also depicted in FigLré where a broader range of
salt concentration has been appli@d001< [NaNO;] <1 M. Particles were transformed
into the fully dissociated form by addition of small amounts of\0.llaOH until a pH of
ca.1ll was reached. Subsequently, the salt concentration was adjusted by diluBRBthe

solution with NaNQ@ solutions of the respective concentrations.

It has been predicted and first shown experimentajiyHarihararetal. [147] that in
solutions of monovalent salt with a concentratiorCgfthebrush thickness scales as-
C,", with an exponenm= P o However, combined effects of curvature and rafting

density may varywalue m. Our experimental data resultsim=°, which is in agood
agreement to reported valuyds$, 62, 14§).

These results allow u® finally conclude that the synthetic route applied in this work
gave adequate brush parameters and resulted in proper spherical polyelectrolyte brushes.
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Figure 3.13 ThicknessL of the PAlayer of SPBAHMEM) as a function of
salt concentratiorC, in terms of [NaN@ at a pH of ca.l1The line

indicatesthe resulting scaling law witln=p X

3.8 Sample Preparation for Light Scattering - SPB

Ag*-, C&*- and Md*-SPB solutions were characterized by combined SLS/DLS with
the Model ALV-CGS5000E in the regime of the scattering veaaf 47 < ¢ < 350 mm?
at 25°C. Cylindrical quartz cuvettes from Hellma (Mullheim, Germany) with an outer
diameter of 2%nm were used for all light scattering experiments. Prior to any
measurements scattering cuvettes were cleaned from dusbriiinuously injecting
distilled acetone for 1Bin. All solutions were filtered through 0.46n cellulose mixed
ester syringe filters from Millipore (Eschborn, Germany) prior to the scattering
experimentsto remove dustA refractive indexn=1.3357 and a viscosity? = 0.948
mP& s for aqueous solution of 0.04 NaNGOs/NaCl were usedDynamic data wagreated
via eq@.29) omitting the concentration dependent term, hydrodynamic réliugas
calculated by means of eq(2.3The thickness of the R8hell L wascalculated by means
of eq.3.5 usingR, psfrom Table3.6.

In order toconsiderthe effect of A ions on the shrinking of the Player at variable
ionic strength(Chapter.3.1), two stock solutions of SPB(HMEM) with [COIG= 0.2mM
were prepared. One SPB stock solution was prepared using/IONHEINO; as a solvent
and the other one was based on &ak water. In both SPB stock solutions the pH was
adjusted to 6.5 by adding da05mL of 0.1M NaOH. Using aqueous solutions of 0M1
AgNO;3, 0.01M NaNG; and salt free water, two series of experiments were established. In
one series equal amount§ PB salt free solution andAgNO; solutiors at variable
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concentrationsvere mixed in the scattering cuvettes and immediately monitored by DLS.
In the other series of experiments the overall ionic strength was set tM Gliis the
desired [Ad] was reached ydilution of 0.01IM AgNOs solution with required 0.0M
NaNG; solution. Subsequently theolution of two saltsvas mixed with an equal amount

of SBP solutionin 0.01M NaNG; in the scattering cuvette and immediately analysed by
DLS.

The dfect of C&" ions on the shrinking of the Rghell at variable ionic strength
(Chapterd.3.4) was analysed iaway analogouso the one used to analyse the impafct
Ag® ions. CaCJ salt was used as a source offCmns. In order to keep the overall
concentration othe positive chargeat 0.01M, NaCl was used insteadd NaNG;.

The dfects of monovalent Agions andof divalent C&" or Mg?* ions on the shrinking
of the PAlayer were comparetia the DLS characterisations of Ag C&*- and Md -
SPB solutions at vaable [COQ] and metal ion concentratiadiChapterst.3.3-4.3.5) At
first small amounts of SBP latices were diluted with WMDNaNGQO; (for the experiments
with Ag") or with 0.01M NaCl (for the experiments with M§and C&") resulting in
[COO] concentratin of 0.5mM, 0.4mM and 0.3nM for experiments with A C&* and
Mg?®* respectively Afterwards the pH of SPBtocksolutions was carefully adjusted to 6.5
by addition of ca0.05mL of 0.1M NaOH. Solutions of AgNQ/CaCL/MgCl; with 0.01M
concentration were usets sources of Ag Mg?* and C&" ions and 0.0M NaNOy/NaCl
as solvets. The concentration of positive chargesd been set t8.01M. Equal amounts
of latices SPB and\gNO3/CaCL/MgCl, solutions ofvariable concentratiowere mixed in
the scattering cuvettéhus the analysed [COland [M™] with respect to concentration
thereof in stock solutions were decreased by a factor of Agb, C&*- and Md¢*-SPB
solutions have beenmonitored by DLSimmediately after their prepation The
concentratios of COO-groups was varied between 01981 and 0.5 mM. Theanalysed
range of counterion concentrationsvas 0.a O[Ag’] ©10mM, 0.050[Ca?] ©1.5mM
and0.1 O[Mg?] O3 mM.

3.9 Synthesis of Ag -NPs in Ag *-SPB Solutions by means of
Chemical R educing Agent (NaBH,)

The pH of the SPB(HMEM) stock solution in 0.MLNaNO; with a concentration of
[COO] =1 mM was adjusted to 6.3 by addition of a small amdoat0.05mL) of 0.1 M
NaOH. The stock solutions of AgNQvere prepared in water with a concentration of
0.01M and 0.018V. Four solutions of NaBlilwith a concentration of 1M, 35mM,
22.5mM and 37.5mM were prepared using cooled water and stored a4 €. All
solutions were stored fortin ice baths t@nsure low enough temperatures thereimL3
aliquots of SPB(HMEM) and AgNgsolutions each were mixed fomain and added to a
doubled volume (6nL) of NaBH, solution stirred at 506pm drop by drop (c&.05mM
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per 2 sec) during c&-7 min. After addiion of the last portion of AgSPB solution,
stirring of the final reactive mixture was stopped. Solutions were washed with purified
water in a serum replacement cell using a cellulose nitrate membrane with a pore size of

100nm from Millipore. The composons of solutions are given in Taded.3.
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4 Results and Discussion

4.1 Specific Interactions of Ag * lons with PA -chains

Although Ad' is a transition metal cation, it is monovalent. Its monovalency makées Ag
particular suitable for comparison of its specific interactions with those exerted by
monovalent ions like Naions, which are considered to act as inert salts where mere
electrostatic interactions are dominésge Chaptet.1.2).

lkegami and Imaj6] have stated already in 1962 that a critical salt concentration &f Ag
ions required for precipitation of the polyanion is [Rg= [NaPA], with m andrq in
eq1.1) equal to 0 and 1 respectively. Preceding experiments beyond our own[§®dup
suggested that the specific binding of Amations onto PA chains is even stronger than of
CU?* and PB' cations[15, 17]. The concentration of Agons required therein to cause an
instability of the dissolved NaPA chains was orders of magnitude srtiadlernn the case
of alkaline earth cations. Resolution of these contradictory results requires a detailed
analysis of the phase behavior of aqueous solutions GPAgcomplexes.

The present Chapter reveals a systematic characterization ‘éPAAgolutions The
impact of silver ions on the size and shape of NaPA was analysed by corShiBl_S
We studied dilute aqueous solutions of two NaPA samples with a molecular welht of
= 503000 gmol* and 2890000 gmol" respectively at a pH of 9(Chapter3.2). All
experiments were performed at an inert salt level of BlO4aNG;, in order to screen
intermolecular electrostatic repulsions among NaPA chaind thus suppressing a
structure factor of chains or aggregates. The resulting data were used to amlehiidgate
morphological transitions of AgPA complexes. TRSLS and timeaesolved combined
SLS/DLS (TRSLS/DLS) provided information about the aggregation processes and
structural organization of AgPA complexes. Hence, these results can offer a new and
systematic insight into the shape of the-éhains and their aggregates in the presence of
Ag’-ions and enable to relate these data to an extended phase diagram.

Moreover, Ag*-PA complexes are also interesting with respecAdgeNP formation,
which is possible without additional reducing agents in the presence of sufficiently long
PA-chains (Chapterl.1.2) [19,22]. Hence, these resultare a base for the further
investigations with respect generation of AGQNPs(Chapters.2).
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4.1.1 Aggregation Threshold

The goal of this Gapter5.1.1is to provide a detailed analysis of tNaPA solutionsat
very low silver concentrations, whictauses the aggregation thereirnis is done by
increasing the [AG/[COOT] ratio at constant Agion concentration in the AgPA
solution, initially located in the regime where the polymer is expected to be molecularly
dispersed. An aggregation process is expected to be induced Agy'tRA solutions by
traversing a certain threshold.

Accordingly, ivo NaPA samplesvere investigated by means séveral dilution series,
eachat a constant A§ ion concentrationFive dilution series have been performed with
sample NaPA1300M,, = 2890000 gmot*) and contribute to the evolution of a threshold
in the sam@ way as six experimental series performed with sample NaPA@QO0=(
503000 gmot). The approach to the aggregation threshold and its determination
procedure are given in the following Chaptérs 1.1 andt.1.1.2

4.1.1.1 Approach to the Aggregation Threshold

The procedurgo establish the aggregation threshold for NaPA&ad NaPA1300
samples is based on several series of combined SLS/DLS experiments at variable NaPA
concentration but constant Agontent. The results of one sari@ an Ag concentration of
0.0015mM are outlinedin Figures4.1.1 and4.1.2. Preparation of analysed solutioiss
performed as followsTwo starting solutions were prepared first. Both starting solutions
had0.01M of cationic chargesOne starting sotion contained.01M of Na' ions and a
concentration oNaPA of 6 mM andthe other starting solution containedconcentration
of 0.003mM of Ag® ions and 9.99™M of Na' ions. After mixing equal amounts of both
starting solutions, a stock solution resulted with 0.00M5 of Ag”" ions and 3nM of
NaPA. By stepwise dilution of this stock solution with the corresponding solvent
containing 0.00151M of Ag®, the polymer concerition decreased, while the Agn
concentration kept constant. After every dilution step the'-P4y solution was
characterizedby combined SLBDLS with the instrument model ALMCGS 5000E over an
angul ar r eggOne6 00Af, 3whA c® orangeroéB4FWHhdE <t o a
1.7910* nm%. The resulting scattering curves
approximation and apparent valuesRpfandM,, were calculated. The diffusiaoefficient
D, o0 extracted viee((2.242.26) was transformed into an effective hydrodynamic radius
R, via the Stokegkinsteinrelationship (e(R.31).

Figure4.1.1 shows the scattering curves in termskafRo vs gF as well asD vs ¢f
after every dilution stepf the series at an Agoncentration of 0.001HM. It can be seen
that the intercept oKc/LRp is getting smaller with decasing NaPA concentration from
3mM to 2.0032mM. Hence M,, is slightly increasing (Figuré.1.2). The slopes of the
corresponding static light scatterimgirves and along with it the values Bf remain
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unchanged. The diffusion coefficierd, oo also remains the same for the NaPA
concentration range of 2.1088NaPA] < 3mM and significantly drops after the dilution
step to [NaPA] = 2.003&M.

8x10°
—8— 3 mM

—e—2.85717 mM
—A—2.79072 mM
—w— 2.72747 mM
—<4— 2.60864 mM
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Figure 4.1.1 Plot Kc/DRg versusq® (upper graph) and versusg® (lower
graph) for the NaPA concentration range of 1.9005 < [NaPA] < 3 mM at
[Ag’] = 0.0015mM. Each curve represents a dilution step at 0.0015 mM of
[Ag™], made fromthe Ag-PA stock solution containing M of NaPA800

and 0.0015nM of Ag’ ions. Measurement at [NaPA] = 1.9008M (g ) led

to significant aggregation was made aftér df the last dilution step.

Whereas the diffusion coefficient (and along with it theatio) exhibits a sharp drop at
[NaPA] = 2.0032nM, the M, value only starts tancrease at this [NaPA] value
(Figures4.1.1 and 4.1.2)However, measurements below the corresponding value of
[NaPA] reveals a drastic (and timesolved) increase of the aggregate maks
(Figure4.1.2) and thus proves that the increas®qfat [NaPA] = 2.0032nM, which is
already more pronounced than fare preceding increment, indicates the onset of
aggregation. TheModel ALV-CGS 5000E does not enable to make tmesolved
SLS/DLS measurement$¥hus the measurement at [NaPA] = 1.9048 (Symbolst in
Figure4.1.1 symbols in the red frames in Figutel 2) was made cdl. h after the dilution
from [NaPA] = 2.0032nM, where the aggregation process stopped and the system got
stable. As a consequence, the drop ofrthatio from 1.8 to 0.55, which was first observed
at the range of 2.0032 < [NaPA] < 2.1088/, is considered to unambiguously indicate
the onset of aggregation.
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Expanded coils exhibit values of 1153[122], thereforethe constancyafd 1. 7 whi
approaching the onset of aggregation indicates that theoP#\ do not undergo any
significant oil shrinking. A structure sensitive factor ofa 0.8 is characteristic for hard
spheres, hence the observed drop sfiggests a change in particle shapes significant
drop ofr ratio occurs at [NaPA] when the aggregation is about to start. Hence it is used as
the crucial parameter in the determination of the aggregation threshold, discussed in the
following Chapter.1.1.2.
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Figure 4.1.2 Radii of gyation R;, hydrodynamic radiR,, r = Ry/R, and
molar massM,, plotted versus [NaPA] for sample NaPA80O at TAg
0.0015mM. Symbols in the blue frame correspond to two adjoining NaPA
concentrations at the aggregation threshold. Symbols in the red frame
correspond to molecular parameters of an’-R§ concentration which
could only be recorded after aggregation has come to a standstill.

4.1.1.2 Determination of the Aggregation Threshold

Systematic analysis of all six dilution series, according to theegroe outlined in
Chapterd.1.1.1, reveals that the aggregation process is always induced at a certain dilution.
Figure4.1.3 represents the results of the dilution series af][A@.0015mM depictedin
Figure4.1.2 including a reproductiothereof (distinguished by the green colour of
symbols). The range of NaPA in this Figdté.3 is determined by thstability of the
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solution, therefore the molecular parameters of the solitiath significant aggregation
are not included. Data of all dilutiorerses treated accordingly to Chapfet.1.1 are
displayed in Figures6.1i 6.5 of the Appendix, where changes in coil dimensions
performed with samplé&laPA800 ., = 503000gmol?) coveringa [Ag*] concentration
range of 0.00k [Ag™] <0.003mM (including the reproductions of dilution pathways for
[Ag’] =0.001 and for [Ag = 0.0015mM).

The aggregation threshold which respect to a drop odtio was determined in the
following way. Averaged values of the ratio before its drop can be found in Ta#lg.1
asr 1 before the drop and as after the drop. On Figus# 1.3 and Figure$.1i 6.5 values
r, andr, are indicated as upper and lower black/green lines, respectifeytwoNaPA
concentrations enclosing this drop of theratio are named as [NaPA&nd [NaPA}
(Table4.1.1). The way to estimate [NaPgy] corresponding to the onset afjgregation
(Table4.1.1) proceeds as follows: take the mean vatie[NaPA]; and [NaPA} as
[NaPAl,gg and usethe corresponding difference of these two valtesestimate the
uncertainty of the aggregation threshold at the respectivg pamcentration (Tablé.1.1
i Estimated uncertainty gNaPA].g9. Blue symbols on Figuré.1.3 and Figure6.1i 6.5
correspond to the [NaPA&}, wherethe blue bars indicate tlestimated uncertainties of the
[NaPA]agg

Table 4.1.1 Parameters defining the aggregation threshold oF-R2%y for
sample NaPA800 in 0.0 NaNG; at a pH of 9.

Estimated
[Ag*]/ mM ri r, [NaPAL,/ mM | [NaPAL/ mM |[NaPAlg/ mM| uncertainty of

[NaPA]agq
0.001 1.390| 0.97 1.46 1.41 1.435 0.05
0.001 1.56 | 0.87 1.58 1.43 1.505 0.15
0.00125 1.74 | 0.61 1.43 1.33 1.380 0.10
0.0015 1.80 | 0.50 2.11 2.00 2.055 0.11
0.0015 1.50 | 0.54 2.00 1.85 1.925 0.15
0.002 1.75 | 1.01 2.76 2.35 2.555 0.41
0.0025 1.65 | 0.75 2.76 2.67 2.715 0.09
0.003 1.56 | 0.91 2.86 2.71 2.785 0.15

Considering characterization of the sample NaPA800 in OM)INaNO; aqueous
solution by combined SLS/DLS analysis (Fig3td, Table3.3) we can deduce following
in the establishing theature of the entities occurring in the regime of NaPA concentration
of [NaPA] > [NaPAl],g¢ Based ornthe value of A, we could interpolatevi,, data for the
[NaPA] regime mder consideration ifigure4.1.3 and Figure6.1i 6.5. Accordingly red
lines indicatethetrendof the apparent values of molar mass in the absence’dbAgand
red arrows point to the true value of the molar mass based on the extrapolation to zero
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concentrationNl,, c-0). As can be seen from these figundg,data recorded in the presen

of Ag’ ions are close to tnels predicted by the impact of the second virial coefficient.
Hence, the increase of appardfif with decreasing [NaPA] observed kigure4.1.3 and
Figures6.1i 6.5 can entirely be attributed to the impact of interparticular excluded volume
effect. Only in the immediate vicinity athe threshold a stronger upturn is observed.
Regime upon approaching [NaR§jcan be considered to be dominated by single chain
behavior.Yet in none of the investigated samples did Myevalues cross the limit of the
valueMy, c=o as long as [NaPA} [NaPA]agg

[Ag+] = 0.0015 mM]
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Figure 4.1.3 Radii of gyrationR;, hydrodynamic radiR,, r = R¢/R, and

apparent molar mass valuk, plotted versus [NaPA] for sample NaPA800

at [Ag'] = 0.0015mM. Symbols A) and @) denote two dilution series to

prove the reproducibility of the aggregation threshold. Upper black/green

and lower black/green lines correspond tcandr ,, respectively. Inclined

vertical black/green line depicts the drop of theatio fromr, to r,. Blue

squares and blue bars represent[MePA],4, with the respectivestimated

uncertainty ofNaPAl,y, Red line indicates the trend B, calculated with

Zi mmbés appr oxi matA;,oh55*uGnmolhgf, weeseasahb | i s h e d
red arrow indicateM,, .- (Table3.3).
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In the same manner an aggregation threshold was established for sample NaPA1300 with
a molecular weightM,, = 2890000gmol*. Figures6.6i 6.10 of the Appendix show
changes in coil dimensions for all five dilution series, whielve been performed in an
Ag® concentration range of 0.083Ag*] <0.005mM. The evaluation of aggregation
thresholds was made in the same way as descilb@e for sample NaPA800. Results are
summarized in Tablé.1.2. As in Figurest.1.3,6.17 6.5, in Figures6.61 6.10 the red
arrow indicates the molecular weight of single coils (T&x4¢, which are included in
order to illustrate that the apparevij, data established in the presence of Agns only
cross this limit toward larger values once the threshold has been approached, i. e. once
[NaPA] < [NaPAJagg

Table 4.1.2 Parameters defining an aggregation threshold 6% for sample
NaPA1300 in 0.0M NaNG; at a pH of 9.

[Ag™]/ . : [NaPA], / [NaPA],/ | [NaPA]g/ | Estimated uncertainty
mM ' ? mM mM mM of [NaPALgq
0.003125| 1. 8| 0. 8 0.62 0.57 0.595 0.05
0.0035 1.6/ 0.8 1.15 1.05 1.100 0.10
0.0035 1.8 1.0 1.01 0.96 0.985 0.05
0.004 1.7/ 0. 8 1.37 1.31 1.340 0.06
0.0045 1.6/ 0.8 1.59 1.48 1.535 0.11
0.0045 1.8 0.9 1.44 1.39 1.415 0.05
0.005 1.7, 1.0 2.06 1.88 1.9 0.18

We can summarize the reasonsctmsider tle regime upon approaching [NaRgJto
be dominated by single chain behavior as follows: (i) the slight increase of apparent mass
valuesM,, can at least in part be attributed to a weakening of the impact of the second
virial coefficient A, on Kc/LRp while approaching the threshold; (i) tlapparent values
for My in all cases only exceed the value of the molar mass of the polymer given in
Tables3.37 3.4 as long as [NaPA] is larger than [NaR4y] (iii) the size parametd®, and
Rn remain constant for [NaPAj [NaPAl].gg The drop of to avalue ofca.0.6-0.8 beyond
the threshold indicates the formation of homogeneous, sfikeraggregates, probably
with a similarly low density as the one in the constituting coils, but with complss®flo
drainage by solvent, therefore we call theomogeneous low density aggregateJhis
can be suggested as the initial stage of the aggregation and defined as aggregation
threshold, which occurs at an extremely low Agncentration.

The threshold values [NaP#j of dilution series from the two NaPA samples are
displayed in Figurd.1.4 as a phase diagraifhe interpretation of the resultingreshold
lines bymeans of ei.1) providesadditionalinsight into the onset of aggregatiorhe
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interceptm, corresponihg to the minimumconcentratiofAg’] necessary to initiate the
aggregation at infinite dilution of NaRAs negligibly small for both samples and shall not
be discusseturther. The slopegis close to 0.001 for both lines, indicating that only one
bound silver ion is required per 1006arboxylic functionsin order to form primary
aggregates. Thig value is significantly lower than observed in the case of alkaline earth
cations[16] or of Cu** and PB" ions[15, 17] and demonstrates thag" ionsare extremely
strong intermolecular crodmkers for PAchains The fact that interconnection among
coils in the aggregates is achieved by the formation of only a few C@@" - 'O0OC
bridges, where [Ag/[COO] a 1/1000, S U p |oase network bfccoilsnat i o n
without a significant change of the monomer density in the aggregating Gois.
aggregation proceswhich sets in once this threshold linecr®ssedwill be addressed in
thefollowing Chapterd.1.2
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Figure 4.1.4 Phase diagram with aggregation thresholds otR4 dilution
series in 0.0M NaNG; at a pH of 9 for two different molecular weight
samples of NaPA: 50800 gmot' (NaPA800i A) and 2890000 gmol*
(NaPA1300i A). The two lines indicate a fit i eq(L.1).
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4.1.2 Aggregation

We performed various series of light scattering experiments in the range of NaPA
concentration of 0.6®[NaPA] 05.12mM and in the range of Agon concentration of
0.00050[Ag"] O15mM and found distinct trends. The rafidg]/[COO] is a crucial
variable, whichpredestines the aggregation mechanism, the shape of particles and the
stability of solutions Table4.1.3 summarizes nine representative experimental series,
discussed in Chaptedsl.2i 4.1.4in order to cover the entire relevant regime in the phase
diagram.

Table 4.1.3 Overview on experimental series of AA solutions in
0.01M NaNG;, discussed in Chaptefsl .21 4.14.

Exp. NaPA [NaPA] /

series sample mM [Ag7/[COO] Regime in the phasdiagram
ES1 NaPA800 2.0 0.001i 0.01 | homogeneous low density aggregal
ES? NaPAS00 20 0.05i 0.32 dense unstable aggregates dadse
stable aggregates
ES3 NaPA800 2.0 0.10; 0.16 dense unstable aggregates
Es4 | NaPA1300 20 0.05i 0.50 dense unstable aggregates dadse
stable aggregates
0.64 0.02i 0.08
1.28 0.02i 0.05
ES5 NaPA800 > g 0.0125: 0.05 dense unstable aggregates
5.12 0.05
1.0 0.161 0.40 dense unstable aggregates dadse
ES6 NaPA800 3.0 0.167 0.40 gareg
_ stable aggregates
4.0 0.08i 0.40
ES7 NaPA800 2.0 0.361 0.80 densestable aggregates
0.20 dense unstable aggregatexl
ESS8 NaPA800 2.0 0.40 densestable aggregatésYl
0.20 dense unstable aggregatex2
ES9 | NaPA80O 2.0 1.07 4.0 densestable aggregates and
macroscopic precipitation

Experimental series ES comprises the AgPA solutions with the ratios [A[COQOT]
close to the aggregation threshold: 0.001, 0.005 and Bigdre4.1.5illustrates the results
of TR-SLS measurements of this series. The solution with OBR of Ag® ions,
corresponding to a ratio of Agion per COOgroup of 0.001, is very close to the
aggregation threshold, but is still located in the regime of single coil behavior. This can be
inferred fom the fact that the apparent madg and sizeRy; remain constant and
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comparable to the molecular parameters obtained from the characterization of the NaPA
sample without silver ions.

An increase of the ratio [A[COO7 to 0.005 drastically increas#® particlesizeand
enlargs the particle mass by a factor of 100. Part of this increase may stem from light
absorption by the Agions, which modifies the refractivity of the particles and hence the
scattering contrast of the system. At both ratios 0.808 0.01 of [Ag)/[COO] the
aggregation stops after camin. TR-SLSrevealed garticlesize of140nmand200nm at
the endof the experimens for [Ag')/[COOT = 0.005 and 0.01 respectively (Figutd.5)
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Figure 4.1.5The evolution of the particle sizBy with time t (upper graph)
and of the particle mad4,, with timet (lower graph) for experimental series
ES1. The NaPA concentration in all cases is @M applied at the
following [Ag‘)/[COO] ratios: 0.001 A); 0.005 £); 0.01 @). The error
bars for [Ag]/[COOT = 0.005 are omitted since the size of symbols exceeds
the experimental uncertainty.

In order to learn moraboutthe structure of these aggregatég squareoot of the z-
averagemeansquareradiusof gyration Ry of the growing particles was correlated with the
corresponding weigkaveraged particle massl, by means of a power law of the
following form:

Ry™ My (4.1)
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The resulting exponera may indicate the shape of growing particles and themnsity
Here we have to emphasize that the plrtmass values are only apparent valuek, dms
been neglected and the refractive index increment of thePAgspecies has been
approximated by using the value determined for NaPA in 0.1 M N4 CI

Basel on a purely topologicaleasoningnomogeneouspheresor cubes result ira =
1/3 and for ideal polymer coils and rods this value is 1/2 and 1, respe¢fi48ly These
exponents can in fact be recovered directly with light scattering data if aggregatesia
particleparticle coalescencen the case of a monomer addition mechanism, where
monomers add to aggregates, monomers and aggrégates bimodal system, and the
exponenta is half of therespectivetopological valug[149], i. e. 1/6 for homgeneous
spheresl/4 for ideal plymer coilsand1/2 for rods

The correlation oM,, vs. Ry of the two samples from seri&S-1 shows apower law
with an exponent of Q. 0.02 (Figures.1.8). Such a value suggeste formation of
homogeneous sphericphrticles obeying a monomer addition mechanii49]. In the
studied casehte i mo specescor@spondto asingleAg*'-PA coil and the growing
paticles are aggregates thereofhel form factors of the intermedie aggregates,
represented ifrigure4.1.6, confirm the presence of homogeneous spHéce structures.
The Kratky plot exhibits a maximuimn close agreement witthe theoretically calculated
form factor for spherefl05]. Starlike or nonrandomly branched polymer chains would
also exhibit a maxinm in the Kratky plot. However, formation of such structures can be
excluded since the respective growing entities would neither be of homogeneous density
with an exponena close to 1/6 nor would the ratio lie close to 0.8 as has been reported
in Chapted.1.1

Figure 4.1.6. Selected scattering curves from the aggregation run, shown in
Figure4.1.50f series ESL at [NaPA] = 2.0 M and [Ad]/[COO7] = 0.01,
represented as normalized Kratky plot éthoon the normalized variable
u=qgR,. The symbols denote an age of (1), 90(s ), 131(v) and
191(w) min. The solid line corresponds to the form factor of a
monodisperse sphef&05].
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Series E extend further into the regime of unstable aggregatitswas also
performed aNaPA]=2.0mM covering a regimef [Ag']/[COQ] ratio from 0.05 to
0.32. Figured.1.7 shows aepresentativeselection of TRSLS experiments thereolt is
evidentthatanincrea® of the[Ag*]/[COQ] ratio in the Ag-PA systenfrom 0.05t0 0.16
accelerateshe proces®f aggregation. Thérst detectable values of apparent molar mass
M, of these systemare already larger by a factor of-100 compared to single coils
(Table3.3). These drastic differencestime values of initial particle masarc beattributed
to a very fast aggregation, which takes place during the first AQoeriod of 4G is close
to the time required for mixing the NaPA and AgiN€blutions in the scattering cell,
placing it into the goniometer and beginning to operate Sh&measurementThe
correspondingnitial sizeat all experimentsvith the ratio offAg*]/[COQO] > 0.1is 25nm,
which is smaller than thaepparent size of NaPA coils of A in the solutions without
silver ions (Table3.3). This drop ofR; accompanied with an increase N, becomes
strikingly visible in the initial part of Figuré.1.7 and indicates a significant condensation.
The condensation results from a shrinking of the aggregates, which is accompanied by the
fast aggregation occurrirduring the initial 40 s.
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Figure 4.1.7 The evolution of the particle siZ&, with timet (upper graph)
and the evolution of the particle mads, with time t (lower graph) of the
experimental series E& The NaPA concentration in all cases is 2N

applied at the following ratios of [A§[COOT: 0.05 @); 0.14 @); 0.16
(A); 0.24 A); 0.30 (1); 0.32 ().
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Figure 4.1.8 Correlation between particle siig and particle weighi,, for

the experiments at [NaPA] = 2.0 mM of seriess E&nd ES2 at variable
[Ag™)/[COO] ratios with symbols having the same meaning as in
Figures4.1.5 and 4.1.7. For the sample with [AH[COOT] = 0.05 @) the
exponenta is 0.21 { < 14 min) and 0.41t & 14 min). Straight lines with =

1/6 and 1/2 are used as guides for the eye.

The correspondingrelationshig betweenR; and My, result in exponentsa which
increase from0.18 to 0.58 for the regime 0.0D[Ag‘]/[COO] 00.24 (Figure4.1.8),
whereas afAg*]/[COQ] = 0.05, thiscorrelationshows two trends: during the first fain
of aggregation R; O130nm) the exponent is 0.2 and kater timesit gradually turns
toward 0.4. From thse observations twguestionsarise: (i) Do the regulairendsin the
aggregation process of APA complexesrefer to a general phenomenon or are they
molecular weight specificii) Is the ratio[Ag*]/[[COO] 0.05 a threshold where the
formation of Ag-PA aggregateshanges itaggregation mechanism?

Additional TR-SLS/DLS measurements with NaPA samples NaPA800 and NaPA13000
representing experimental series-ESand ES4 in the range ofan Ag-content of
0.050[Ag‘J/[COOT 00.5 were performedoth with respect to the firstuestionand in
orderto provide additional data on the hydrodynamics of the aggred?esslts shown in
Figure4.1.9 for sample NaPA800 and in Figu4el.10 for sample NaPA1300 nicely
confirm that correlations d®y versusM, at thestudied Agcontens yield exponents close
to 0.40.6.

The radii of gyrationR, for the Ad-PA system at [A§/[COOT]=0.20 of sample
NaPA1300 is around 20m. The SLS analysisdoes not allow to detect suasmall size
with a good precision, therefore dahe Figure4.1.10it is not indicated. However, the
hydrodynamic radiR, for this system is about 4@m and stable ovehe whole period of
observation The Ag-PA solution based on NaPA1300 sample with TAGOO] =0.5
also did not show any aggregation process iangigure4.1.10the indicated molecular
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parameters recorded at two time increments with an interval 8f=la.remainconstant
We will return to these stable AdA solutions and make a detailed gsak thereof in
Chapterd.1.3. In the current Chaptérl.3we will continue to consider only aggreiyeat
samples.

Combined SLS/DLSexperiments presented Figures4.1.9 and4.1.10 yield r -ratios
which fall in between 0-8.8. These values suggest sphatior coreshell aggregates in
disagreement with the regingd the exponents. Valuesof 0.4<a < 0.6 arefavour of
more fractallike entities.Results shown in Figusst.1.9 and4.1.10for two NaPA samples
differing in their molecular weighalso nicely demonstrate the reproducibility of light
scattering result®venif it is performed with different experimental setups.
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Figure 4.1.9 Left: the evolution of the radius of gyratidty, hydrodynamic
radius R,, molar massM, and r = Ry/R, with time t for series ES3
performed with sample NaPAB80O. The concentration of [NaPA] is 210 m
at the following [Ad]/[COO] ratios: 0.104); 0.16 ( ).

Right: correlations between particle siRs(A, , ) andR, (A, ! ) particle
weightM,, with a indicating the exponent ieq@.1): 0.364 A); 0.385 ( ).

77



1504

100

Rg/nm

504

— 9 ] : T T T

|6 10 g g ]_08 109
e ] ] 1
S ] ] My, / gmol

= 3 3
2 . 15 > RS TR -

10 I ' I ' I ' I '
0 60 120 180
t/ min

Figure 4.1.10Left: the evolution of the radius of gyratiéty, hydrodynamic
radii R,, molar mas$/,, andr = Ry/R, with timet for series ES} performed
with sample NaPA1300. The concentration of [NaPA] is 12 at the
following [Ag*]/[COQT] ratios: 0.05 A); 0.10 ¢ ); 0.15 ¢ ); 0.20 € );
0.50(v ).

Right: correlations between particle siRg and particle mas$l, with a
indicating the exponent ieq4.1): 0.385 A ); 0.384 € ); 0421(r ).

Experimental series ES was performed in the range of polyacrylate concentration of
0.640[NaPA] 05.12mM at very low ratis of 0.01250[Ag*]/[COOT ©0.08 inorder to
complement data at the [AJ]/[COO] ratio of 0.05 of experimental series S
(Figure4.1.1]). TR-SLS experiments at variable NaPA concentration show that the
correlation between size and mégsmeans othe exponenta proves that in this range of
[Ag*)/[COOT] ratios there is achangefrom the formation of homogeneous low density
aggregates towarftactatlike entitiesbased on constituting dense aggregatdsch are
characterized by higher expongeat(Figures4.1.94.1.10.
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Figure 4.1.11 Left: the evolution of the radii of gyratioR, with time t
(upper graph) and the evolution of the molar mislgswith time t (lower
graph) of the experimental series-ES$erformed with sample NaPA800
with [NaPA] = 0.64mM at the following [Ad]/[COQ7] ratios: 0.02 (), 0.04
(, ), 0.08 ( ); with [NaPA] = 1.28mM at the following [Ad])/[COQOT] ratios:
0.02(. ), 0.03(, ), 0.05(, ); with [NaPA] = 2.56mM at the following
[Ag')/[COOT ratios: 0.0125 (), 0.05 ( ); with [NaPA] = 5.12mM applied
at the ratio of [A¢)/[COO7] =0.05 ( ).

Right: correlations between particle siz@sand particle mas#,, with a
indicating the exponent ieq@.1): 0.25 ( ), 0.5 (), 0.31 (), 0.39 (),
0.3(, ).

Hence the solution with a ratipAg*]/[COQO] = 0.05 represents a transition regime
where the aggregation mechanism changes, emphasizing the important role of the Ag
content in the aggregation process. As already mentioned, transition from the regime with
a 00.2 to the regime witla 00.4 is accompanied by a collapse of the initially appearing
aggregatesrom Ry > 75 nm to Ry < 30 nm, whereas the corresponding valuedvigf get
larger. Thus we carcall the aggregates formed [#g*]/[COQO] > 0.05 dense unstable
aggregates and distingush them from the homogeneous low density aggregates forming
at[Ag’]/[COQ] < 0.05.
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It has to be stressed here, that the exact location of the transition of aggregation
mechanism, which has been established to pagd}/[COO] = 0.05 for sample NaPA800
at [NaPA]=2 mM, may slightly vary with the polyelectrolyte molar mass and
polyelectrolyte concentration. In Figu#el.12 we summarizex large set of reliable
exponentsa from five experimental serieperformedwith two different NaPA samples,
which cover a broad range of polymer and*AmpncentrationFigure4.1.12 shows that
with increasing the [AG/[COQT ratio the exponena is increasingHomogeneous low
density aggregatesre formed via monomer addition with characteristic valua 6f0.2
and dense unstable aggregates aharacterized by a higher exponemhe threshold
betweenthese entitiedies close to the ratiof [Ag'[/[COO7] = 0.05. Accordingly, the
largest amount of experiments have been performed close to that threshold and depending
on the exact value of [NaPA] and [Hgeither homogeneous low density aggregates or
denseunstable aggregates are formed. This explains the large variatiangdose to the
threshold regime of [AG/[COQOT = 0.05.

1.0 T T T T

0.84 |
0.6 o .
0.44
0.2-8 .
0.0 T T T T T
0.0 0.1 0.2 0.3

[Ag']/[COOT]

A

Sy oD
Ko
S

Figure 4.1.12 Selected exponentsa from eqé.l) plotted vs. the
[Ag™)/[COO] ratio performed with sample NaPA80®ofn experimental
series ESL, ES2 and ES3 at [NaPA]=2mM (I ) and fromES5 at NaPA
concentration®f: 0.64mM (* ), 1.28 mM (A), 2.56 mM (v ), 5.12mM

(w); performed with sample NaPA1300 for experimental seried ES).

In the following paragraphs we wilinalyzethe shape of densesstableaggregates. In
general, the spherical shape of the homogeneous low density aggregates could be
consisterly inferred from a set of three parameters including an expoaend.2, a
distinct peak in the Kratkplot of the form factor and a ratio of~ 0.8. However, it turned
out to be much more difficult to establish a structural model for the dense unstable
aggregates with that same set of parameters.
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Figure 4.1.13 Selected scattering curves from eggation runs, shown in
Figure4.1.7of series E® at [NaPA] = 2.0nM and at [Ag]/[COOT] ratios

of 0.16 @A) and 0.05B), represented as normalized Kratky plot based on the
normalized variable u %R, The symbols of grapiA denote an age of
15(r ), 17(A) and 20 {) min. The symbols of grapB denote an age of
14(A), 17 ¢ )and 21 (), 24 6 ), 27 W), 32 ¢), 37 (1 ), 41 ¢ ) min.

The solid lines correspond to the form factor of a polydisperse coil with
PDI=2[109,150,151].

The fam factor ofthe intermediate shown inFigure4.1.13for the Ag*-PA aggregates
with a ratioof [Ag*]/[COO7 = 0.05 and 0.16 can lskescribed by the Debye formE50],
which fits well to the experimental data assuming a polydispersity index of
PDI=2[109,150,151] Polydispersity was taken into account by a Sclitam
distribution [109,151] of the particle mass with a polydispgy parameter z 1. This
parameter is related to the polydispersity inB&{ according to

z=1/(PDIi 1) =Mpn/ (Myi M) (4.2

with PDI= M,/M, the ratio of the weigh&iveraged particle mass to themberaveraged
particle mass.

The scattering curves measured at different times ovewdych proves that the
respective intermediatéing formed during growth of unstable dense aggregageself
similar. The curvesapproacha plateaun theKratky plot which is characteristitor such
structues[151]. The experimental form factors of the dense unstable aggregates are thus
compatible with an entity, which has a similar dendignsity correlation as Gaussian
polymer coils.
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Entities with a structure obeying the Debye formula himaetal dimensions close to
1l/a ~2 (Figure4.1.13. Such dimensions are compatible with an exponent close to
a ~0.25 for a monomer addition mechanism and 0.5 for particleparticle coalescence
Although, the experimentally found exponents of Oa00.6 point to a process where
fractals with 14 ~ 2 coalesce to ever larger aggregates, this feature cannot be reconciled
with ther values from TRSLS/DLS data recorded during formation of dense unstable
aggregates for sample NaPA800 and NaPA1300 (Fsdguted and4.1.10). Although the
ratio changes throughout aggregation for neither of the samples suggestsimiaiity,
the average value of~ 0.6-0.8 points to homogeneous nainaining particles rather than
to an entity with a Gaussian cdike structure as it has been inferred from the
experimental form factors. Therefore, we presently cannot establish a structural model for
the dense unstable aggates, which simultaneously agrees with the respective exponent,
the form factor and the ratio.

4.1.3 Stable Aggregates

Figure4.1.7 shows thathe aggregation proceBsAg’-PA solutions based on NaPA800
stock solutiorbecomes slower §g*][/COOT] = 0.24and even stopfr the systems with
ratios of[Ag*][/COO7] 00.3. As it was already mentionedtive previousChapterd.1.2 the
Ag’-PA solutions based on higher molecular weight NaPA sample (NaPA1300) with
[Ag*][/COQT] ratios of 0.2 and 0.5 also demonstrated stability in molecular parameters
over a long period of time (Figurel.10). In order to further analyze this behayvighich
may represent a new phase statgyerimental series E&G and ES7 (Table4.1.3) using
NaPAB800 have been prepared.

In order toidentify whether the ratio [AQ/[COQ7 = 0.3 corresponds to a threshold
valuebetween aggregating and stable’/RA solutions, series of FTBLS experimentsf
series ESS were performed over a broad regime of NaPAaamtrationsin the range of
0.080[Ag‘][/COOT O0.4. Indeed, results of these experiments shown in Figutes4
indicate that the growth of dense unstable aggregates ceasesadAcg]/[COOT] > 0.3.
TR-SLS experiments establishing series-Eferformed at [NaPAF 2 mM with ratios of
silver ions per carboxylic group from 0.36 @8 indicate stability okolutions over two
days (Figuret.1.15. Molecular parameters were changing only within the experimental
uncertainty and thusoasidered to & constantLooking ahead to Chaptdrl.4, we can
also point that His phenomena was praveby the additional series EB (with
[Ag')/[COO] =1, 1.25and P
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Figure 4.1.14The evolution of the radii of gyratioRy with time t (upper
graph) and the evolution of the molar mdggwith timet (lower graph) of
the experimental series EBSperformed wh sample NaPA8O0O0.

The NaPA concentration is
1.0mM applied at the fabwing
ratios of [Ag]/[COQT:

0.16(* ); 0.32(w); 0.40 { ).

The NaPA concentration i
3.0mM applied at the following
ratios of  [Ag')/[COOT:
0.16(* ); 0.21(r ); 0.26 { );
0.32 Ww); 0.40 ¢ ).

The NaPA concentration i
4.0mM applied at the following
ratios of [AJ)/[COOT:
0.08(A); 0.16 { ); 0.24 ¢ );
0.28 ( ); 0.32 (v); 0.40 (/).

Figure 4.1.15The evolution of particle siz&, with timet (upper graph) and
the evolution of the particle madsl, with time t (lower graph) of
experimental series EB performed with sample NaPA800. The NaPA
content in all cases is 2.0 mM at variable JH§OO] ratios: 0.36 &);
0.45¢ );0.60 ¢ ); 0.80(I ).
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The size values of these stable aggregates obsergedaes ES, ES6 and ES7 are in
the range of 2%0nm. This particle size is comparable to the size of demstable
aggregates observed for the series2ES8 the beginning of the aggregation (Figdre.7).
In accordance with this observation, the anohass values observed in-E&re also close
to the initially detected molar mass valuesiefseunstable aggregates in the seriesZ&S
which is much larger than the mass of single coils. Apparently, the primarily formed
aggregates observed at [AMICOO]<0.3 stopped from further growing once
[Ag']/[COO]>0.3. We call themdense stable aggregatessince their molecular
parameters are constant over a long time. The aggregation leading to such small and dense
particles is very fast and hence could betfollowed by light scattering. Since these stable
aggregates were observed at OO > 0.3 over the rarg 10[NaPA] O4, a second
line can be added to the phase diagram, separating super aggregates from stable aggregates
(Figure4.1.16.

(m] A
1.54 dense 7
I
% stab eDaggre%ates 2
— 1.04 J
+l—|
o
<
0.5- .
dens
74 : unstable aggregate$ 1
0.048 _8 O .
1 2 3 4 5
[NaPA] / mM

Figure 4.1.16 The location of [Ag/[COQT] ratios from series E$, ES2 and
ES3(s.,q),ES5( ), ES6 (r ,p), ES7 (A), where full symbols refer to

states which showed aggregation (dense unstable aggregates) and open symbols
refer to stable statesdensestable aggregates), relative to the aggregation
threshold ofFigure4.1.4(line on the bottom of the graph).

In order togain further information regarding the nature of stable aggregates the
following experiments were performedtablishing series ES (Table4.1.3). The Ag-PA
solutiors with a ratio of[Ag*J/[COO7 = 0.2 (solutionX1), corresponding to the reginoé
dense unstablaggregatgsand [Ag*]/[[COO7] = 0.4 (solutionY), corresponding talense
stable aggregates, were bizad separately by combin&R-SLS/DLS The Slution Y
was successively diluted by a NaPA solution to a ratio of JAgOO7] = 0.2, giving
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solution X2, which was again analyzed by -BRS/DLS. Solution X2 had the same
composition as solution X1 and onlyffdred from X1 by their sample history. Whereas
X1 was prepared in the usual way by mixing the component solutions selected to achieve
final concentrations at the start of the experiment, sample X2 is derived from sample Y by
adding a solution of NaPA (#iout Ag” ions) after the later one had been characterized by
DLS/SLS as a representative of stable aggregates.

Solutions X1 and X2 showed aggregation with molecular parameters comparable to
each othe(Figure4.1.17) A structuresensitive parameter close to 0.5 was observed for
Y during the whole period of observation. Values aflose to 0.5 indicate dense clusters
of PA-coils interconnected by Adons. These spherical clustdrave to besurrounded by
less dense PAhells, which include a large amuwfimmobilizedsolvent molecules, thus
keepingR; high. Yet, the polymer segment density of the shells is too low to significantly
contribute toRy. The values of thus reveal a coreorona structure for stable aggregates
as generated iseries ESA, ES6, ES7 andof ES8. The aggregating1 and X2 resulted
in an increase of to valuesof 0.7-0.8 within the first 30min in agreement with the
values observed for the unstable aggregatebotth NaPA samples (Figuresl1.9 and
4.1.10)
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Figure 4.1.17 The evolution of the radius of gyratidR, hydrodynamic
radiusR,, molar masdV,, andr = Ry/R, values withtime t for series ESB.
The concentration of [NaPA] is 2iiM at the following [Ag]/[COO7]
ratios: 0.20 () - solutionX1; 0.40 ¢ ) - solutionY; 0.20 ¢ ) - solutionX2.
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These observationsdicate two mechanistic aspectsi) (at silver ion concentrations
where 0.0% [Ag']/[COO7] < 0.3 dense unstable aggregates are formed whereby the first
observablentermediates are much smaller and denser than the homogeneous low density
aggregates formed at [ACOO]<0.05. The initially observed intermediates at
0.05<[Ag'J/[COO]<0.3 are formed from the low density aggregates by a fast
aggregation probablgombined with shrinking;ii() at a sufficiently high concentration of
silverionstheinitially formed dense intermediates adopase shell structuravith a loose
PA-corona enveloping a densere which do not further growrhesecoreshell particles,
which establisithe regime ofdensestableaggregatesare stabilized for a reason not yet
fully understood However, an addition of a solution with Réhains free of Agions
inevitably leads ta reorganization and foration of dense unstablaggregatesn close
agreement to a process where the two components would have been mixed to their final
composition at time zero (seriE&-2, ES3, ES5, ES6 and X1of ES8).

4.1.4 Precipitation Threshold

The increase of the Agontent up to [A§/[COQOT] & 1.5 does not affect the molecular
parameters of the stable aggregated solutions remain transpare@nly beyond ratios
[Ag']/[COOT &25, with the exact value ofAg*l/[COOT] depending on theNaPA
concentrationsthe Ag*-PA solutions beome turbid and precipitate Visually analysed
series of Ag-PA solutions in the range of Q[NaPA] O4 mM and 20[Ag*] 012 mM
showed either transparent or turbid solutions, thus separating again the phase diagram for
NaPA800 sample into two regimesdense stable aggmgates and precipitates
(Figure4.1.18.

Aggregation is expected to precede the precipitation. Therefore we performed several
TR-SLS/DLS experiments testablish the morphology of the formed particles close to the
precipitation threshold indicated in Figutd.18. Figuret.1.19 illustrates the evolution of
the particle masbly, sizeRy and structuresensitive ratia of the experimental series ES
9. All molecular parameters in the beginning of aggregation adopt comparable values,
which indicateghe same starting state for all aggregates. The increase of {benfant in
the system accelerates the aggregation process. The parardedstically increases from
0.5 to 1.5 within 20nin and 5min in case of [A{/[COO] =3.5 and 4 respectivelyn|
case of [Ag])/[COQT] = 3, the aggregation is much slower andalue is kept in the range
of 0.5- 0.9 (Figure4.1.19). This increase of the structure sensitive factor shows changes in
the morphology of growing units, which excludes to correMiewith Ry and extract a
structure sensitive exponent based on self similarities.
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Figure 4.1.18 Representation of the data points indicating two regimes:
densestable aggregated\( * ) and precipitated sampléd; , ). Squares
representresults from TRSLS/DLS, circles represent results from visual
observation. The empty symbols correspond to stable and transparent
solutions. The full symbols indicate precipitation observed by visual
inspection or aggregation detected by -$RIDLS and siccessive
precipitation. The frame at [NaPA] =r@M indicates the experimeaitseries

ES9. The black line denotes the precipitation threshold.
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Figure 4.1.19 The evolution of the radius of gyratioiR, hydrodynamic
radiusR,, molar massM,, andr = R¢/R, values withtime t for series ES.
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Theunderlying aggregatiomechanism of entities may be a coalescence leadieggeto
larger fractatlike structuresThis disordered structure is supporteddxperimental form
factorsfor the intermediates at [AH[COOT] =3 and[NaPA] =2 mM measured by TR
SLS instrumentwith sample NaPA800 as representative example of the aggregation
process at the precipitation thresh@kigure4.1.20. Form factorrecorded at the earlier
stages wher&y < 200nm matches fairly well with thdorm factorof polydisperse coil
Thus the ggregates at the precipitation threshold resemble high density unstable
aggregates

0 | 2 | 4 | 6
u:ng

Figure 4.1.20Selected scattering curves from aggregation run of seri€s ES
performed with sample NaPA800 at [NaPA] = 2.Mrand at [Ag]/[COO]

= 3, represented as normalized Kratky plot based on the normalized variable
u =gR,. The symbols denote an age of 89,(76 @), 96 A), 131 () and

166 (\) min. The solid lines correspond to the form factor of a polydisperse
coil with PDI = 2[109, 150, 151].

4.1.5 Conclusion

Addition of Ag' ions to dilute solutions of high molecular weight NaPA chains induces
an aggregation of the NaPA chains. Unlike to alkaline earth catiofisR Aghains do not
undergo a considerable caifrinking while approachinthe aggregation thresho[d 1-
14,16]. After crossingthe aggregation threshold (indicated as line 1 in Figlile21 and
4.1.22) by an increasef the [Ag*]/[[COOT] ratio from 0.001to 0.3 the PAcoils begin to
aggregateFormation of homogeneous sphéike networks of coils is observeat a few
Ag® ions per one thousand of carboxylic groupg 0.05<[Ag’]/[COO] <0.3 these
homogeneous low density aggregateiapse and establish initial intermediates, which
further grow asdense unstable aggregategsh a much higher density and size. Beyond
[Ag']/[COOT] &0.3, indicated as line 2 in Figurdsl.21 and4.1.22 the initially formed
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dense 25%0nm aggregatesemain stable over time and solutions remain clear. We call
this Ag'-PA specieslensestable aggregate$he structure sensitive factoiis in the range

of to 0.50.7 in this regime, which indicates the existence of a low density corona of
dangling PAcoils establishing a draining shell surrounding a-daining dense core.
From this state there are two routes to switch on the aggregatiaad(tjon of PAcoils

will lead to the formation oflenseunstable aggregates; (ii) addition of Apns will
ultimatelyleadto macroscopiprecipitation The latterboundary is namedsprecipitation
thresholdand corresponds to line 3 in Figuke$.21 and4.1.22. This line may essentially
represent the same pattaserved by Ikegami and Imgd] where[Ag*]c = [NaPAL. In

both casesa stoichiometric number okg" ions with respect to the number of negative
monomer uits is required to precipitate the Fobils. The difference in the molecular
weight of NaPA samples used in the present work and in the woklegdmi and Imaji6]

as well as the corresponding degrees of neutralization achieved bgnsdge.g. different

pH in PA solutionsimay have caused the discrepancypiaf eq(l.1) by a factor of 3.

NaPA-coils 1 collapsed : i
building units | dense |

% @ core- Ag*

.scorona .
! v

\ units «

1 1

, '[Ag"/[COO]
0.(I)01 0.(;5 OI.3 I3
]\ Y J \ Y l|;' J L
single homogeneous dense unstable  dense macroscopic
chains  low density aggregates stable precipitates
aggregates aggregates

Figure 4.1.21 lllustration of the morphological changes of fgils and
aggregation thereof in the presence of Agns expressed in terms of
[Ag*)/[COQ] ratio: aggregation threshold (line 1), evolution of aggregates
and separation between dense unstable aggregaigs dense stable
aggregates (line 2), precipitation threshold (line 3). The threshold values of
the lines refer to sample NaPA800 at [NaPA] = 2.0 mM.
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Figure 4.1.22 The phase diagram based on NaPA800 sample Mith=
503kDa estalithed for the AGPA systems in 0.0M NaNO; at a pH of 9.

Line 1 is the aggregation threshold, line 2 separates dense unstable aggregates
from densestable aggregates and line 3 is the precipitation threshold.

The present findings suggest the applicatiérspecifically interacting Agions as a
new tool to control the formation and morphology of polyacrylate chains in agueous
solution. The rext Chapte#.2 is considering the specific feature of the present4y
phase diagram with respect to-AdP formation induced under exposure to Uyht.
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4.2 Ag-NP Formationin Ag *-PA Solutions

As mentioned in Chaptefs1.2 and 4.5, formation of AGNPs is possible by means of
exposure of AGPA solutions to UMight without additional reducing agent. lnet present
Chapterd.2 properties of such A{lPs formed under exposure to UNght shall be
correlated with the location of the precursor"ARA solutions in the phasdiagram
(Figure4.1.22, used NaPA sample is NaPA§00

We begin the discussions of owgsults on AgNP formation with ime-resolved static
light scattering experimentsvhich reveal that AG-PA systems undergoing aggregation
become stable upon exposing it to 4ight, while Ag™-PA systemscorrespondingto
dense stable aggregates, do nawvsiignificant changes in terms of the particle size after
UV-exposure As a representative example of this phenomena Fgreé shows the
evolution of Ry with time t for three samplesefore and after U\éxposure, wo
corresponding to dense unstabkggregates with [AG[COO]=0.05 and 016
(Figure4.2.13) andone correspondintp dense stable aggregates with OO = 0.40
(Figure4.2.1b). Accordingly, r all three samples (Figu#e2.1) U\-exposure of solutions
was applied after two diffen¢ aging timestas, which corresponds to the time periods
between the preparation of the solution and-illvmination: (i) In one experiment UV
exposure had been applied immediately after the preparation of the solution containing both
Ag’ ions and NaPA dts in aqueous 0.0M NaNO;. The samples prepared in such a
manner correspond to aging timg = 0 and will be calledvithout aging/non-aged (ii) In
the other experiment the solution was agedtfe@d 30 min before illumination with UV
light and these samples will be callaged Time until UV-exposure of the aged solution
was also used for FSLS analysis.

The particle size in case of the silver percentage of][l@00O7] = 0.40, which lies in
the regime of dense stable aggregateshé same before and after biNUmination and
corresponds to an averaged valueRgf= 25nm (Figure4.2.1b). Contrary to this, the
aggregating samples at [A§COO7]=0.05 and 0.16 become stable only after-UV
exposure and thi, value drops from 136m to 80nm in case of [A§/[COO7] = 0.05 and
to 55nm in case of [A§/[COOT] = 0.16 (Figure4.2.1a)

Remarkably,Ry of the non-aged systems with thetio of [Ag'/[COO7] =0.05 and
0.16 exposed to UMight, are 35nm and 25wm, respectively, which is close to the
particle size of the system with [N§COO7 = 0.40 before and after U¥xposure. This
matching of particle size in the solutions from the regime okeéeunstable aggregates
before and after exposure to Uight attag = 0 min with theparticle size in solutions from
the regime of dense stable aggregates before and after exposurelightUd anytac
suggests that thieybrid entities(Ag-NPs in the PAmatrix) in both cases are of the same
nature and sizeAs described in our preceding Chaptel dense stable aggregates are
formed almost instantaneously at ratios of OO >0.3. The present findings
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reconfirm that they establish the building tgnfor dense unstable aggregates formed at
[Ag']/[COOT <0.3.
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Figure 4.2.1 The evolution of the radius of gyratid®, versus timet. Full
and hollow red symbols denote the trendRpfrom samples exposed to UV
light at tag =0 andtag=30-35min, respectively. Black symbols indicate
trends of R; from samples as they are aged prior to -€Rposure.
Figure4.2.1a describes the response ofnde unstableaggregates and
Figure4.2.1b the response of ehse stableaggregates to WMght. The
symbols denote: [NaPAj2mM with [Ag']/[COO] =0.16, tyy =7 min,
(squares); [NaPA¥5.12mM with [Ag')/[COO1 =0.05, tyy=2.5min
(triangles); [NaPAF 2 mM with [Ag)/[COQOT = 0.40,tyy = 7 min (circles).
Solutions exposed to Ulght for tyy, = 7 min prior to the TRSLS analysis
were diluted with aqueous 0.04 NaNGO; to [NaPA]=1 mM.

Ag’-PA solutions exposed to UNght may become turbid, due to formation of-Ngs.
The turbidity is increasingith an increase of the used Agoncentration and duration of
the UV-exposure, thereforenost part ofsolutions had to be diluted prior to the light
scattering analysis. Dilution was carried out with (MVNaNGO; solution to ensure that the
ratio betweersilver ions and carboxylate functions remained conskmivever, since the
dense unstable aggregates with the lower concentration of(JAg*]/[COO7] = 0.05
remained clear and thus did not require dilution prior to the DLS&B1e8ysis, we can
exclude he dilution step as the cause of the halt of aggregation and unambiguously
attribute it to the UVexposure.Moreover, Figure4.2.2 comparesUV-specta of two
solutiors with the same ratio ¢Ag*]/[COO7] = 0.05exposed to UMight at tag = 0 with
the spectrum recorded from thsolution, which ks beenexposed to UV light after
tac D 35 min. The analysis by th&)V-vis spectroscopys designed to represepiasmonic
propertiesAg-NPs, wherelte position and shape of the surface plasmon resonance peak
(SPR) thereof depend on several factors including size, shape, surrounding media,
polydispersity and tendency of the particles to aggrdgdtel52, 153]. The PR band for
the nonaged solution(tac =0) andfor the solution aged fotac D 35 min appear at the
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same wavelength of,axD 412 nm, indicating that the properties of individual APs are
similar. Strikingly, the absorption ofhe SPRfor the solution aged for c85 min prior to
exposure to UMight decreased drasticallgnd in addition @road shoulder appearéd
the infrared regionThis broad absorbanag | >550nm can be regarded as a collective
plasmon band of ANPs randomly arranged A&g-NP assemblie§154, 155].
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Figure 4.2.2UV-vis spectraof two Ag'-PA solutions after exposure to UV
light. The NaPAconcentrationis 5.12mM at the ratio of [A§/[COO]
=0.05. The &posure to UMight for tyy =2.5min is applied to the aged
Ag’-PA solution, i.e. atag D 35min (dash ling, andto the noragedAg*-
PA solution, i.e. attag= 0min (solid line. Solutions were chacterised
without its dilution.

Thus, heseresults suggedb look at the effect of UMight on the dense unstabdad
dense stable AgPA aggregatesn more detail and to clarify the followinguestions (i)
Does the nature of AbPs depend on the aggregation process in the regime of unstable
dense aggregates and, if it does, can we control the size-bfPAgvia theaggregation
process? (i) Does the nature of-AllPs depend only on the regime of the phase diagram?
(i) What is the spatial distribution of the Adgons/ Ag-NPs in the polymer matrix?
(iv) Why does the size of aged unstable particles get smaller afteitluthination?

(v) Does the duration of UNight exposure change the sizgroperties of AGNPs and can
it also be used as a tool to control-N§ formation?

Before investigating these issues, the effect otlight on pure polyacrylate solutions
(Chapte 4.2.1) and the effect of dilution of solutions exposed to-ligit prior to
SLS/DLS characterisation (ChapteR.2) will be discussed.
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4.2.1 Effect of UV -exposure on PA -chains

It is known from literature that NaPA molecules can undergo a randomoscesd
crosslinking of the polymer chain by photolysis under-l¥mination due to fregadical
reactions ]156-159]. Theeffect of chain degradation dependents on the wavelength of UV
lamps[160, 161], usage of cutoff filters and the power of the lightirce. Increase of UV
radiation time enhances the effect of degradafits8] and thus affects the molecular
weight of the polyacrylate samples.

In order to better analyse a possible net effect oflight on NaPA chains during the
Ag-NP formation, induce by the exposure of AgPA solutions to UMight, the impact of
UV-radiation on pure solutions of NaPA is highly desirable. We performed combined
SLS/DLS experiments in order to compare the molecular parameters of an aqueous
solution of polyacrylate sampINaPA800 in 0.0M NaNGO; prior to and after exposure to
UV-light. The time of exposurky was 7min, which corresponds to the maximal applied
UV-illumination time of Ag-PA solutions discussed in ti&hapter4.2
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Figure 4.23 Kc/LR versusg® (left graph andD versuscf (right graph for
the NaPAO00 solution at [NaPA]=2 mM: (A) before U\exposure (; )
after UV-exposure fotyy = 7 min.Lines indicate the extrapolation 9= 0.

Figure4.23 shows the scattering curves in term&offR vs g (left graph) and vs of
(right graph) from SLS/DLS characterisationtbé sameNaPA solution before and after
exposure to UMight. The intercept ofKc/LR slightly increases after UMlumination,
which gives smaller values M, (Table4.2.1). The slopeof the corresponding static light
scattering curvesre parallel within experimental uncertainityhe extrapolated value of
thediffusion coefficientD to ¢f = 0 undergoes slight increasafter UV-exposureA close
look at the CONTIN analys [113 at g=30° shows that the main fraction has a minor
shift toward smaller particle size with a broadenihdghe size distributionKigure4.24).
Table4.2.1 summarizesthe evaluated values of My, R;, and R, from SLS/DLS
measurements
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Table 4.2.1 Characteristic parameters of the NaPA sample analysed by
combined SLS/DLS before and after exposure tolight.

Condition of analysis M,*10°/ gmol™ R,/ nm R/ nm | r=RyR,
Before U\texposure 114.2(+1.11) 39.4 (x1.5) | 26.4 (x2.7) 1.49

After UV-exposure
+ + +
(toy = 7 min) 101 (+0.99) | 36.3(+1.7) | 23.5(+3.8) | 1.54

All molecular parameters indicate that the polymer chaiecome slightly smaller
whereas the structure sensitfaetorr remains at a value of ca.5, which is characteristic
for a coil-like structure in bothcases[122]. These variations are considered to be
insignificant and within experimental uncertainty. This is particularly true sinaaN2
aqueous solution of NaPA8O0O0 scattered just 5 times stronger thamwaiete Hence, we
can conclude from these light scattering results that the polyacrylate chains do not undergo
substatial chain scission during the exposure to-light.
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Figure 4.24 Size distribution of IMPA800 sample at [NaPA] =@M before
exposure to UMight (black line) and after exposure to Wight for tyy =
7min (red line). Thedistributions have been calculated by means of the
CONTIN analysig122] of the corresponding intensity correlation functions

obtained by DLt g= 30°.

4.2.2 Effectof Dilution
onthe UV-exposed Ag*-PA Solutions

It should be emphasised that ABA solutions exposed to UNght are becoming
brown and turbid thus preventing a useful light scattering study. In order to increase the
transmission of the laser light and avoid multiple scattering, theséics@ have to be
diluted. Dilution is carried out by use of aqueous WDMaNQO; keeping the ionic strength
as well as the ratio [A[COQO7] constant. Usually the concentration of ®dils and Ag
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ions is decreased by a factor of tvio.the following paagraphs we will analyse to which
extent such a dilution of solutions containing-N§s may affect the light scattering data
or the results from UWis spectroscopy.

In Figure4.25 and Figuret.26 results from SLS/DLS characterisation illustrate the
dilution effect. The noraged AJ-PA solution containing .aM of NaPAcoils and
0.32mM of Ag" ions was exposed to UNght and analysed by SLS/DLS at this
composition. Since the time of Uskposure wass short as,y = 2 min, exposure did not
lead to a considerable turbidity of the sample and theilluminated solution could be
directly analysed by light scattering. Characterisation was carried out by combined
SLS/DLS analysis with the Model ALXCGS ®OO0E in the regime of the scattering vector
qof 47< o < 350 mm?.
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Figure 4.2.5Zimm diagrans from datic and dynamidight scattering othe
Ag*-PA stock solution withk = 2239Q 47< ¢?< 350 mm®. The symbols
indicate[NaPA] = 2.0mM and[Ag']/[COO7] = 0.16 exposed to WNight for
tuv=2min (p ) and two diluted solutions therewfith [NaPA] = 1.333mM
(. ), and ImM (A) in aqueous @1 M NaNO; solution

After the SLS/DLS characterisation of the stock solution, it was dilloyed factor of
1.5 and 2 with aqueous 0.8 NaNG;s. Dilution resulted in concentrations of FAils of
1.333mM and 1mM, respectively. As it is expected, the impact of the second virial
coefficient A, lowers Kc/[LRp-o (see static and dynamic Zimm diagraofsthe analysed
samples in Figurd.25) and increases the apparent radius of gyrafgFigure4.26).
This behaviour is typical for a species in good solvent which remains its identity upon
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dilution. Only the apparent hydrodynamic radiBs remained constant for all NaPA
concentrations. The results thus demonstrate that integrity of the hybrid particles (PA
chains and embedded APs therein) is not affected by dilution of the solution. Clearly,
the apparenRy was more affected by excludedlvme effects than the apparditwas.
Therefore, in further discussions (Chap#iz24.2.8) R, will be considered as the more
reliable parameter from SLS/DLS characterisations and valudg; @fill be used for
qualitative evaluation of the systems.
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Figure 4.26 Radius of gyratiorr,, hydrodynamic radiug, andr = Ry/R; of

the Agd-PA stock solution without aging [NaPA]=2.0 mM and
[Ag*)/[COQT] = 0.16) exposed to WNight for ty, = 2 minand of two diluted
solutionsthereofevaluated from the data in Figue2 5.

In order to further clarify the stability of the formed APs, U\tvis spectroscopy was
used to analyse a dilution series of {UMminated solutions in addition to the SLS/DLS
characterisation.Figure4.27 reveals UWis spectra of nomged AgJ-PA solutions
exposed to UMight for 2min. The composition of the respective stock solution was
identical to the stock solution used for the SLS/DLS analysiigures4.25-4.2.6
Successively, the original @A concentration was decreased via dilution with ®01
NaNG; by a factor of 2 and 4.5, i.grom 2mM to 1mM andfrom 2mM to 0.444mM.
Since the cuvettessad for UMvis spectroscopy were identic@deeil Lambert Bouguer
law can be applied withoutthickness correction.lle absorbance values of ¥ -specta
from the stock solution were divided by a factor of 2 and 4.5 in order to compare them with
the experimentally obtained UWis spectra from respective dilutions. As can be seen in
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Figure4.2.7 the experimental spectra almost overlay with BemnbertBouguer
predictions. The calculated curves are slightly higher, which can be explained by
experimental inaccuracy upon dilution of the stock solution. The most crucial and
important fact is that nodalitional peaks or shoulders and no shift of the SPR band are
observed. Clearly, dilution does not affect the optical properties diRgand can thus be
used to facilitate further experiments.
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Figure 4.27 UV-vis spectra of AGPA solutiors with [NaPA]=2.0 mM
and [Ag]/[COO]=0.16 aftertheir exposure to UMight for ty, =2 min
without aging. Solutions were dilutedith agqueous 0.0M NaNG; to
[NaPA]=1mM (Z ) and 0.444nM (Z ) while the [Ag*)/[COQ] ratio was
kept unchangd Dashed lines indicate the calculated spectra Béeif
Lamberi Bouguer lawirom the spectrum with [NaPA} 2 mM (Z ).

4.2.3 Effectof Aging of Dense Unstable Ag*-PA Aggregates
on Ag -NP Formation

As it was outlined in Figure$.2.1-4.2.2 theformation of AGNPs is accompanied by a
halt of the aggregation in case of /ABA systems located in the regime of deusstable
aggregates of the phase diagrdfig(re4.1.22. The aggregation stops under the effect of
the UV-exposure and not due to tlilution of the illuminated solution before light
scattering chaacterisation (Figure$.2.1-4.2.2) Apparently,the reduction of Afjto Ag’
deprives the AGPA aggregates of the bridgifige. crosslinking) Ag* ions and the growth
of Ag'-PA aggregates stomsiceAg-NPs are formed and embedded
PA-aggregates. Since the aggregation can be stopped at any agitgsfithe variation of
the latter one may enable to control the formation oiINRs.
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In order to reveal theorrelation between the size of ABA aggregates and the
resulting AgNPs at a specifitac the following experiment was established. Two stock
solutions, both with a total amount of [Na& 0.01M were prepared first: one is a solution
of NaPA coils with[NaPA]=4mM and the other one is a solution of AgN@ith
[Ag™] = 0.64mM. After filtrating equal amounts of both stock solutions into five scattering
cuvettes, each cuvette contained [NaRZmM and [Ad] = 0.32mM corresponding to
[Ag']/[COOT1 =0.16. This ratio of silver ions per carboxylic groups of the anionie PA
chains generates densmstableaggregates via aggregation. One of the cuvettes was
immediately placed into the goniometer of the combined SLS/DLS instrument and analysed
over thenext 3h in a time resolved mode. The other four cuvettes were kept in the dark and
exposed to UMight for 4min at differenttac. In the same manner as in the previously
described experiment (Figude2.1), the aging timéac corresponds to the time ped
between the preparation of the solution andilllymination.

In Figure4.2.8 the radius of gyratiofy, hydrodynamic radiu&, andr -ratio are plotted
versus timet. Although, he Adg-PA solution has the same value of [NaPA] and
[Ag']/[COQT] as thesystem in Figurd.2.1, the aggregation shown in Figut£.8 is slower
than in Figuret.2.1 indicating poor reproducibility of the actual growth rate thoeé
aggregates
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Figure 4.2.8 Radius of gyratiorR;, hydrodynamic radiu®, andr = Ry/R,
values versusaging time t of five Ag'-PA solutions containing
[NaPA]=2mM and [Ad]/[COQ]=0.16. Black symbols indicate FR
SLS/DLS measurement ¢hie Ag*-PA solutionprior to theUV-exposure,
red symbolsindicate molecular parameters of treged Ag-PA solutiors
after exposure to UMight for tyy = 4 min. The agingime tac of the Ag*-PA
solutiors matchegime t. Prior tothe SLS/DLS analysessolutions exposed
to UV-light were dilutedwith aqueous 0.0M NaNG; to [NaPA]=1mM
while the [Ad]/[COQT ratio remained unchanged
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Results from the SLS/DLS experiments obtained from the illuminated samples are
compared with the TFSLS/DLS data of the nefluminated sampleThe aging timéag of
samples illuminated with UNight is used as time for proper comparison with the TR
SLS/DLS experiment of neaxposed sample. Figude2.8 shows thaRy values of entities
with Ag-NPs at any specific time= tac adopt the same values as the systdmchvwas
not exposed to UMight. This matching can be considered as accident, since the exposed
Ag’-PA solutions had to be diluted prior to the light scattering analysis, which imposes an
additional source of uncertainty in accordance with thecussionin the previous
Chapterd.2.2. Hydrodynamic radi R, of solutions illuminated with UMight follow the
same trend asf the nonilluminatedsolutionbut were lower by 28m (Figure4.2.5. The
structure sensitive factar remains almost unchanged oube aggregation process and
corresponds to the value of the spherical shape &fPRgaggregates, whereas after the
UV-illumination it increases to = 1.3 (Figure4.2.8). This increase may indicate a change
in shape toward fractdike particles, howevethis cannot be unambiguously established
because of the dilution prior to the light scattering characterisation of illuminated samples
(Chapterd.2.2 Figure4.2.5.

In order to gain further knowledge about the particle size afterekposure three
additional solutions with [NaPA¥ 2 mM and [Ad]/[COQT = 0.16 were prepared: one was
exposed to UMight without aging {ac = 0), two others were aged foig = 1 h and 2h
before exposing it to UNight for 4min. The respective exposed solutions were diluted
twofold with 0.01M NaNQO; before light scattering characterisation. The extent of dilution
applied in this experiment is the same as in the experimdiihezl in Figure4.2.8,
therefore we can adequately compare molecular parameters from the two SLS/DLS
characterisations in one graph (Figdr29).
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Figure 4.2.9 Radius of gyratiorR;, hydrodynamic radiuf, andr = Ry/R,
values versus agingtime t,s of Ag’-PA solutions containing
[NaPA]=2mM and [AG]J/[COO] =0.16 after exposure to Ulght for
tuvy =4 min. Red symbols refer to the data from Figh&8. Prior to the
SLS/DLSanalysis allsolutions were dilutedith aqueou$.01M NaNG; to
[NaPA] = 1 mM while the [Ag]/[COQT] ratio remainedunchanged
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In the present experimewmalues ofRy and R, areshifted toward higher valuemnddo
not coincidewith the data from Figuré.2.8. This effect isonnectd with thelack of exact
reproducibility of theaggregation rateof Ag'-PA solutions before UMIumination.
However in general, both results show the same trend: the size of entities WRRSAQ
formed under UVrradiation is increasing with increasing agitnge tac.

The particle size distribution in terms \r, of the three solutions corresponding to the
blue data points in Figu#e2.9 were characterized by means of DLS. Tiefd-correlation
functions were evaluated with a decay [0f?(q, #) T 1] to 31% by the second order
cumulant method atscattering angle af = 30°. The averagedar, values are summarised
in Table4.22. These resultseveal that AGPA solutions exposed to UNght at longer
aging timetac are lesspolydisperse. Figuréd.2.10 displays CONTIN analysi®f the
corresponding intensity correlation functions for better visualisation of the particle size
distribution. It is necessary to emphasise tleatits from DLS characterisation cannot be
directly interpreted as eharacterisation of ANPs, because they refer to hybrid particles
including both AgNPs and i aacoils,ewhdrestheclatted? dnes act as a hosting
matrix for the reduction of Agons.

Table 4.22 Estimation of polydispersity by means ofr, of Ag'-PA
samples with [NaPA¥ 2mM and [Ag]/[COO]=0.16 at various aging
time tag illuminatedwith UV-light for tyy = 4 min. Prior tothe DLS analysis
solutions were dilutedvith aqueous 0.0M NaNO; to [NaPA]=1mM
while the[Ag*)/[COOT] ratio remainedunchanged

Aglng timetAG tac=0 h tha=1 h thg=2 h
var, 0.47 0.38 0.30
1.04
=
<
>
‘® 0.51
g
VAW
1 10 100
Ry / nm

Figure 4.2.10 Size distributios of solutions containingNaPA] = 2 mM and
[Ag']/ [COOT] = 0.16 exposed to UMight at various aging timeéxs: Oh
(Z),1h #)and2h (Z). Prior tothe OLS analysis solutions were diluted
with aqueous 0.0M NaNO; to [NaPA]=1mM while the [AG]/[COO]
ratio was kept unchanged@he distributions have been calculated by means
of a CONTIN analysis of the correspondiigtensity correlation functions
measured at a scattering angleyef 30°.
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In order to characterizéhe Ag-NPs in solution UWis spectroscopy was used.
Figure4.2.11 shows U\vis spectra of four AgPA solutions containing 8&iM of NaPA
with [Ag*)/[COO7] =0.16 exposed to WNight at four aging timegac =0 min, 30min,

60 min and 90 min. UWis absorption spectra demonstrate that the position of SPR bands
does not showany noticeable shift with increasing the aging titage of the Ad-PA
solutions appéd before UVexposure I(maxa 413nm for tag =0 min, | naxd 410 nm for

tac =30, 60 and 9@nin). The SPR absorption band of silver at-413nm in the aqueous
media can be related to the size ofRBs of ca20-30 nm [153].

The absorption efficiency of SPR is decreasing with increasing aging time of the
samples while the intensity ithe infrared region undergoes an incredd®e increasing
absorbance in the wavelengtiegime of | >550nm indicates a decrease in the
interparticle spacing, which is induced Ag-NP accumulatior{154,155. At zero aging
time an appearance of a shoulder @3 Bm may characterize the assern@sdof Ag-NPs as
oligomers 67, whereas &road extinction band at >550nm can be regarded as a
collective plasmon band of AYP assemblieswithout a distinct spacing thereby
indicating formation of randomly arranged APs inlarge assembligd.54,155].
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Figure 4211 UV-vis absorption spectra of solutions containing
[NaPA]=2mM and [Ad]/[COO]=0.16 exposed to UMight for
tuv=4 min. The samples were illuminated with Wight after different
aging timestas. Color of the line indicate$,c: Omin (Z ), 30min Z ),
60 min (Z ) and90 min (Z ). Prior to the UWis measurements the solutions
were diluted with agueous 0.04 NaNO; to [NaPA]=1mM while the
[Ag™)/[COO] ratio remained unchanged.
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Combination of the resulttom DLS and U\vis spectroscopy ofhe system with
[Ag']/[COOT] =0.16, as a representative exampledefiseunstable AGPA aggregates
suggestghatindividual Ag-NPswith an averaged sizef ca.20-30nm can be formedy
means of UV-illumination of nonaged Ag’-PA solutiors (Figures4.2871 4.2.11).
Exposure to UMight of ageddenseunstableAg®-PA aggregatemdicates the formation of
Ag-NP assemlgs whose size depends on the size of ‘AgA aggregat® at the
corresponding aging timégs. The constituting AgNPs in such assemblies exhibit an
avera@ size of ca20-30nm. Figurs4.2.1-4.2.2 show results from the system with
[Ag*]/[COOT = 0.05 examined at similar conditions, which support our observations.

Variation of the aging timdéag may enable to control the size of the final-N§
assemblies. In order to clarify this issue threé-Rgé solutions with [Ad)/[COOT] = 0.16
and [NaPA]= 2 mM were exposed to WNight for 4 min afterdifferent aging tims (tac =
0, 1 and2 h) and characterized by means of TEMectly afterwardgFigure4.2.12). The
same stock solutions of NaPA and AghWere used as for the experiments depicted in
Figure4.29 (blue symbols).

Individual Ag-NPswith an average size of ca0-30nm are seen irhe TEM images of
the sample exposed to Uwght without aging (Figurd.212a). In this case UV
illumination was reducing Agions in the solution containingrimary dense AgPA
aggregates of the sizm.25nm. Figure4.213 shows additional TEM results performed
with a higher resolution TENhicroscope of the solution of the same composition
(INaPA]=2mM and [Ag]/[COO]=0.16). This TEM experiment was made on a
different day with different stock solutions,it with the sene sample history aappliedfor
the series presentad Figure4.212a Resultdrom Figure4.213 are in agreement witthe
results of Figuré.2.12a, with UV-vis spectroscopy (Figure4.211) and DLS
measurementd-igure4.29): individual AgNPswith anaverage size of c25nm prevail
and coexistwith a small fraction of bigger particles. The latter can be identified as
assembliesof Ag-NPs by a slight shoulder dt >500nm in the U\vis spectra
(Figure4.2.11). The individual AgNPs can be regarded mone and polycrystalline Ag
NPs by the wellecognised stripes at a higragnification(Figures6.11 of the Appendix).
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Figure 4.2.13TEM imagesfrom Ag*-PA solutioncontaining[NaPA] = 2
mM and[Ag*)/[COOT] = 0.16 exposed to Wight for tyy = 4 min without
aging
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Figure 4.2.12 TEM micrographs ofAg*-PA solutions containing [NaPA] = 2 mM and [A§COO7] = 0.16
irradiated with U\ight for tyy = 4 min at different aging timesic=0h @), 1 h @), 2 h ).
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Figure 4.2.12 TEM micrographs ofAg*-PA solutions containing [NaPA] = 2 mM and [A§COO7] = 0.16
irradiated with U\light for ty, = 4 min at different aging timesic=0h @), 1 h @), 2 h €).
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TEM images of the two aged samples (Figut.12hc) demonstratespherically
shapedAg-NP assemblies consisting of numerauslividual Ag-NPs sticking together.
These TEM micrographs clearly show that saenple aged for B has AgNP assemblies
of 200-250 nm, which are bigger by 8®0 nm tharthe Ag-NP assemblies dhe sample
aged for 1h. This tendency was alsofarredfrom the UV-spectra where the absorbance
atl >550nm is higher for longer aged samples (Figh11. Apparently, dense Ag
PA aggregateswhich presumably act asuilding blocks in the aggregation process of
dense unsile Ag*'-PA aggregatesnay act as nanoreacttzsntainersn the reduction of
Ag" ionsinduced by UVexposure. Tie size of AG-PA aggregatesorrelates wittthe size
of Ag-NP assemblieswhich are formed undeexposure to UMight of the Ad-PA
aggregatesindividual Ag-NPs in these AP assemblies are of the same saz&\g-NPs
generated from correspondingonaged solutionsFigures5.2.12(a4,c4) support this
assumptionn particular

4.2.4 Effectof Ag * Concentration of Dense Unstable Ag*-PA
Aggregates on Ag -NP formation

The range of dense unstable "ARA aggregates is determined by a particularly broad
regime of [AJ)J/[COOT] ratios in the phase diagram established in Chajpter
(Figure4.1.22). In order to learn whether systems belonginfpécsame phase regime but
significantly differing in the [Ag)/[COQT] ratio behave in the same or different way with
respect to UVexposure, the following experiments were performed. Threé-PXg
solutions containing 1M of NaPA andwith the ratios of [Ag'J/[COO7 =0.04, 0.16 and
0.30 were prepared. Each of the three solutions was subdivided by filtrating it into two
scattering cuvettesespectively resulting in a total of six samples. Two sample histories
were applied: one solution of each [AfCOOT] ratio was exposed to Ulight without
aging and the other one was stored in the darksgo+ 1 h and exposed to WNfght for 2-

4 min. Since all three samples lie in the regimedehseunstable aggregates, they are
supposed to aggregate withig = 1 h.
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Figure 4.2.14a Radius of gyratiorRy, hydrodynamic radiuB, andr = Ry/R; of
Ag’-PA solutions with [NaPAE 2 mM after UV-exposure foty, = 4 min at
[Ag™)/[COOT] =0.04 and 0.16 and fdsy, = 2 min at [Ag]/[COO] = 0.30. Full
squares correspond to aged solutidgs 2 h), hollow squares to solutions
exposed to UMight without aging.

Figure 4.2.14bUV-vis absorption spectra of the ABA solutions exposed to UV
light for tyy = 4 min at thefollowing [Ag*)/[COOT] ratios: 0.04 % ); 0.16 ¢ ); 0.30
(Z ). Contiruous lines represent freshly prepared solutions; dashed lines represent
aged solutions.

Prior to the SLS/DLS analysis solutions were diluted with aqueousMI9aNGO;
to [NaPA]=1mM and pior to the U\vis spectroscopy to [NaPA]0.5mM. In
each case the [AH[COOT] ratiosremainedunchanged.

Figures4.2.14 reveals results from SLS/DLS and the corresponding -vigV
characterization. There &suniquetrend in all parameters from the SLS/DLS measurements
independenbf the percentage of Agions in the solutions: aged samples show higher
values of the radius of gyratid®, and of the hydrodynamic radil® after UV-exposure
than the corresponding vakief nonaged samplegvidently, assemblies of AYPs were
generated upon U¥xposure after AgPA solutions were aggregatindhe structure
sensitive factomr of UV-exposed solutions without aging is close to the values of a
homogeneous spher€orrespoding values from aged samples are largeipporting the
transition from individua{compact)Ag-NPs to assemblies of AgPs.
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UV-vis spectraKigure4.2.143 demonstrate that thmaximumof the SPR bands (4G0
412nm) do not show a significant blue or rehift with varying Ad contentand therefore
correspond approximately to the same size of individuaiNRg. More prominent
shouldersat| D 520 and higher absorbanceslat 550 nm for aged samples indicate an
accumulation of AgNPs to assemblies in agreement with b6 spectra displayed in
Figure4.2.11 The spectra of aged samples with OO ratios of 0.16 and 0.30
almost overlap (with the same extinction of SPR band) thus showingaonhgsignificant
increase in the numberf cAg-NPs per assembly with increasing the silver ion
concentration.

In case of the neaged solution with [A§/[COO7] = 0.04 exposed to UNght, a SPR
peak at 400im is seen, which turns into a weak absorption with a barely noticeable peak at
the same weelength if the sample has been aged fdr hefore the UMrradiation
(Figure4.2.14h. The system has a very low Agntentwhich may lead to a very small
number of formed AGNP assembliesTherefore the SPR of the individual particlas
| 410nm overlay with the absorbanag | > 520 nm, which may lead to such a flat
spectrum.

Figure4.2.15 shows two representative TEM micrographs from™-Rg solutions
exposed to UMight without aging at [Ag/[COOT =0.04and at 0.16, respectivelfhe
same expsure time to UMight of tyy =4 min had been applied as in t8&S/DLS and
UV-vis experimentgpresented ifFigure4.214. On both TEM images there are individual
Ag-NPs with a size of c20-30nm. Due to a low magnification and a small amount of
images it is problematic to estimate the averaged size and the size distribution. However,
Figure4.2.15clearly illustrates thathe increase in Agconcentratioronly influences the
total number of individual AGNPs. Since solutions were exposed to-ligyt without
aging, predominantlyindividual Ag-NPs are observed in both experiments. In conclusion,
variation of [Ag]/[COO7] hasno significant effecon the nature of formed AyPswithin
regime ofdense unstablaggregates.
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Figure 4.2.15 TEM micrographs ofionagedAg*-PA solutions illuminated
with UV-light for tyy=4min. Samples contain [NaPA}2mM and
[Ag'J/[COO] = 0.04 (left image), [A§/[COOT] = 0.16 (right image).
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4.25 Effectof Ag * Concentration of Dense Stable Ag*-PA
Aggregates on Ag -NP Formation

In the range of ratios 08[Ag’]/[COO]<2.5 of the AJ-PA phase diagram
(Figure4.1.22) there is a regime afensestable aggregates with a corona of dangling
chains enclosing dense ABA aggregates. The radius of gyration of these entities is about
25-50nm depending on the exact NaPA concentrationthadatio offAg*J/[COQ7]. The
stability of solutions wagroven by TRSLS experiments, which showed the constancy of
all molecular parameters over B5Figure4.1.15).As it has already been demonstrated in
Figure4.2.1 with a system at [A§[COO] =0.4 the size of entities agdutfore U\
exposure did not differ from the size of entities exposed tdight without aging thereof.
However, due to a large range of [ACOQOT] ratios of the phase regime with stable dense
aggregates this issue should furthesblstantiateéxperimetally.

Figure4.2.16 reveals results from UWis spectroscopy of two series of experiments
after exposure to UNight. The spectra were recorded with ’ABA solutions at [NaPA] =
2 mM in the range of 0.4 [Ag'J/[COOT] < 2.5. The corresponding A¢PA soluions were
prepared and divided into two parts: aa@uot was illuminated with UMight without
aging of the A§PA solution (Figuret.2.168 and the other one was aged fdn and then
illuminated with UMlight for the sametyy (Figure4.2.16b). With increasing the
[Ag*)/[COOT] ratio from 0.4 to 2.5 the SPR band shifts from #@8to 454nm in case of
nonagedsamples and from 418n to 466nm for aged samples, respectivedg€inlets in
Figure4.2.16), whereas the absorbance seem to exhibit a shadEximumat|
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Figure 4.2.16 UV-vis absorption spectraf Ag*-PA solutions after exposure
to UV-light for tyy=4 min without aging grapha) and aged for 2 h
(graphb) prior to theUV-illumination. Ag'-PA solutions contain [NaPA] =
2mM at the following ratios [A§/[COO] = 0.4 &), 0.6 €), 0.8 &),
1.15¢), 1.5 ¢), 20 &), 2.5 ). The inlets show the change in the
position of the SPR band\] and the corresponding absorbanegues ()

at variable [Ag)/[COQ] ratios. Prior to the UWis spectroscopy solutions
were diluted with aqueous 0.04 NaNG; to [NaPA]=0.5mM while the
[Ag™)/[COO] ratio remainedunchanged.
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Both seriesshow comparable Uépectra The trendof | max versus [AJ)/[COOT in the
inlets of Figure4.2.16 can be explained by an observation made bggiéen [163, who
studiedthe effect of excess Adons on AgNPs He reported a decrease asorbancand
ared shiftof the SPR band of A§IPs, if Ad ions were added tsolutions with AgNPs
He explained these variatioms terms ofa decrease athe electron density on the A§Ps
surface upon chemisorption of A@ns which makes plasman oscillationsweaker The
wavelength of the absorption maximusnproportional to the reciprocal square root of the
density of free electrons in the mepalrticles[163]. In our systemsthe source of electrons
for reduction of Ag ions is equal throughout all samplegigure4.2.16), since the
concentration of PAoils is the same in all sample¥et the amount oAg® ions available
to photoreductiorincreases with increasirigg*/[COOT] ratio.

Combined SLS/DLS experiments on three systems with][l&007] = 0.8, 1.5 and 2.5
were performed to compare properties tfe solutions withdense stable Ag-PA
aggregategxposed to UMight without aging and after being aged fon @Figure4.2.17).
The resultsarein agreement with UWis spectroscopyFigure4.2.16): aging of samples
prior to exposure tdJV-light increasedRy and R, only slightly while the shape remains
spherical (0.5 <« < 0.85), thereby excluding significant changes due to aging.
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Figure 4.2.17 Radius of gyratiorRy, hydrodynamic radiu&, andr = Ry/R;,
values versus the[Ag']/[COO] ratio for soltions containing [NaPA] =
2mM exposed to UMight for ty, = 4 min without aging A) and agedor
taa=2h (A). Prior to theSLS/DLS analysis,solutions were diluteavith
agueous 0.0M NaNQ; to [NaPA]= 0.7 mM while the [Adg]/[COOT] ratio
was kept unchanged

Figure4.2.16 showeda significantchangeof the U\tvis spectra of solutions containing
Ag-NPs formed under U¥radiationin the regime 00.4<[Ag']/[COO7] <0.6. In order
to reproduce this feature arfdrther verify how the increase of Agconcentration in
solutions of these dense stable’/RA aggregates influences the properties ofNREp, two
systems with a significant difference in the ratios OO = 0.4 and 0.8 were chosen.
Non-aged Ag*'-PA solutions were exposed to Wight for 4min and analysed by
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SLS/DLS, U\tvis spectroscopy and TEM. Since the aging deihsestable Ad-PA
aggregates does not show substantial changes, this effect was not corsigduether.

Table 4.2.3 Size parameters from SLS/DLS characterisation of-aged
dense stableAg’-PA aggregatesafter being exposed to UNght for

tuy = 4 min.

[Ag™)/[COO] Ry/ nm R,/ nm r = Ry/R, var,
0.4 33.8 35.5 0.95 0.467
0.8 31.6 29.1 1.09 0.535

As can be seen from Tade2.3 all size parameters are very close to each other. The
polydispersity(var,) determined at a scattering angle gf 30° is very high for both
samples and bigger for the higher ratib[Ag*]/[[COOT] = 0.8. Figure4.2.18a illustrates
two size distribution functions calculated by means of the CONTIN anglys3$ fromthe
field-time correlation functions at a scattering angleyef30° for both samples. In case of
[Ag']/[COOT =0.8 the main fraction has a broadéeresdistribution as well as a higher
amount of small particles than the sample with JAGOO7] = 0.4.

UV-vis spectra depicted in Figude2.18b are satisfactory reproductions of the
corresponding spectra shown in Figdr2.16. The SPR band for a systemith
[Ag*]/[COOT =0.8is much broaderdowever, from additional DLS data (Figute2.18)
we can assume that not only the excess of freeidwp on the surface of AYPs can
modify the SPR peak, but also a high polydispersity of hybrid enttieieh size should be
correlated with a size of only A§Ps, may influence it.
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Figure 4.2.18 Size distributior(a) and U\tvis spectrab) of two solutions containing [NaPA] = 2 mV
[Ag'J/[COO] = 0.40 &) and 0.80 Z ) exposed to UMight for t,,=4 min. The distribution is
calculated by means of the CONTIN analygi83] of the field correlation functions measured at
scattering angle af= 30°.Prior to theSLS/DLSanalysissolutions were dilutedith aqueas 0.01IM
NaNG; to [NaPA]=0.7mM and prior to analysiby UV-vis spectroscopgolutions were dilutesvith
agueous 0.0M NaNG; to [NaPA]= 0.5mM while the [Ad]/[COO] ratio remained unchanged
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In order to clarify this issue TEM images were takem both samples. Figus?2.19
shows representative TEM micrographs where theNRg are highly polydispersier
both systems. The size range of-Ngs is in agreement with SLS/DLS results. Although
there are big particles with c200nm size, the maipart consists of individual A§lPs of
ca.20-30 nm. The number of nanoparticles is clearly higher in case &f/[8®07] = 0.8
(Figure4.2.19b) which is in agreement with the higher absorbance of the respective SPR
band in the UWis spectrum (Figurd.2.18b).

It should be emphasized that in order to make a TEM image the sample has to be dried
beforehand since the recording of TEM requires a high vacuum, whereas SLS/DLS and
UV-vis spectroscopy are applied to the liquid state and characterize the sitmation
solution. Therefore, the large agglomerates nfi2size cannot be identified as assemblies
of Ag-NPs since neither a slow mode, which might be correlated to such a size, was
detected by DLS nor did UVis spectroscopy reveal a broad absorbance for siaehof
Ag-NPs [164]. Finally the SPR band at 448n refers to particles of a maximum size of
60nm[153, which is by far smaller than a few micrometres.

For the sake otlarity reference TEM experiments were done using aqueous .6
AgNO; in 84 mM of NaNQ; solution, whichhas the samég” concentrationas the
system with [AJ]/[COO] =0.8 at [NaPA]=2mM. The stock solution of AgNQand
sample preparation were the same as in the previously described TEM experiments.
Figure4.2.20 shows a beautiful celritic particle of several micrometres in size. The
structure has a central point which might be a nucleation center of crystallisation. The
similarity of the particle from Figuré.2.20 with the largemm patrticle in Figuret.2.19(b4)
with respect tatheir morphology is striking and they are very likely to be of the same
nature. As it was mentioned before, the excess &fidvg in the systerwith [Ag*]/[[COO
] =0.8 should be highethan in the systerwith [Ag*]/[COO] =04 (Figures4.2.16 and
4.2.18b). Excessive Ay ions, noaconsumed in AgNP formation, are crystallising to
micrometer size AgN@crystals, whilst in the solution they are modifying the optical
properties of AgNPs via chemisorption.

2 jim
Figure 4.2.20 TEM micrographs of aqueous6 mM AgNO; in 8.4 mM of
NaNG; solutionwithout exposure to U\ight.
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Figure 4.219 TEM micrographs ofnonaged Ag'-PA solutions containing [NaPA] = 2 mMwith
[Ag™)/[COO] = 04 (a)and with[Ag*[/[COOT] = 0.8 (b) irradiated with UMight for t, = 4 min.
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Figure 4.2.19 TEM micrographs ofnonaged Ag'-PA solutions containing [NaPA] = 2 rriMwith
[Ag™)/[COO] = 04 (a)and with[Ag'[/[COOT] = 0.8 (b) irradiated with UMight for t, = 4 min.
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4.2.6 Impactof UV-exposure Time on Ag -NP Formation

The impact of exposure time of AA solutions to UMight on the formation of Ag
NPs is an important parameter to cmnsidered, especially in the case of dense unstable
Ag’-PA aggregates, where the photoreduction of Aeads to assemblies of AgPS.
Whereas the size of the assemblies in termRphfter UV-illumination for 7min
decreases from 13%nto 55nm (Figure4.2.1), UV-exposure of A§PA aggregates for
only 4min did not give a significant change of the final size (Figér2s).

In order to analyse how the duration of the-light exposure timéyy changes the size
and properties of ANPs, the following experiments were performed. Two systems with
[Ag*]/[COOT]=0.16 and 0.8 were chosen as representative examples for dense unstable
and dense stable AgPA aggregates, respectively. Since the agdi@yaf Ag-PA before
UV-illumination leads to the formation of AP assemblies in the successive -UV
exposure, the system wifAg*]/[COOT] = 0.16 was analysed at two sample histories: three
solutions were illuminated fdgy, =2 min, 4.5min and 7min without aging and the other
three solutions were aged foh2and then exposed to Ught for the same set dfyy.
Ag’-PA solutions with[Ag*]/[[COO7 = 0.8 were exposed to UNght for 2min, 4.5min
and 7min only without aging. Figure4.2.21 shows the results from SLS/DLS
characterization, where the size paramefysand R, along with the shapsensitive
parameter are plotted versus the Uskposure timeyy. Figures4.2.224.2.23show U\-
vis spectra for the same solutions.

100 ————————— 100 —+———————— 16—
1.4

80 \ . 804 O . /
o 0_
- = ' 1m o @0 /
404 4 40 - ]
=< \. .><.\I 087 ]
——

20l —— &8~ 0 ol 1 el

Rg/nm
7

O
Rh/nm
/Rh
\D\

4
tUV/ min tUV/ min t UV/ min

Figure 4.2.21 Radius of gyratiorR,, hydrodynamic radiuR, andr = Ry/R,
versus time of UMllumination tyy for solutions containing [NaPA} 2 mM.
The symbols denote [AY[COOT] = 0.16 without aging before exposure to
UV-light (A) and with an aging time of 2 before exposure to Ulght (A );
[Ag*)/[COOT] = 0.80 without aging before exposure to Ught for 2h (A).
Prior to SLS/DLS analysis, solutions were diluted with aqueous N3.01
NaNQ; to [NaPA]=1mM in case of [A§/[COO]=0.16 and to
[NaPA]=0.7mM in case of [A§)/[COOT] = 0.80.
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As can be seefrom Figure4.2.21 (full symbols) thesize of AgNPs keeps below
50 nm for both nam-agedseries. As it was mentioned in Chapte?.2, solutionshad been
diluted with aqueais 0.0IM NaNG; in order to avoid mulgle scatteringduring light
scattering experiments. Hence, the appaRgntalues mayncrease upon dilutioand the
shapesensitive parameter may not be significant enough for a definition of the shape of
Ag-NPs. The most reliable parametéiom light scattering experimenis R,. The net
effect in the trenslof Ry andR, vs tyy is significant only for [AG]/[COO7] = 0.16 after an
aging time of zh where thdonger U\tillumination timeleads to a smaller size bfbrid
entities (AgNPs embedded into PAatrix). The decrease of the AgP assembly size
with longer U\tillumination may indicate that more Agons are reduced and therefore
cannot participate anymore in the interconnecting ofcBi#s which host the AdNPs.
Remarkably, that m significant changes could be observed for any of the samples once
exposure times longer thapgy =4 min had been appliedhese results are in line with
experiments described the Appendix6.4 (Figure6.12).

UV-vis spectra of dations exposed to UNight without aging Figures4.2.224.2.23
showan increase in the absorbance alaiitly tyy which indicates an increase of the total
number of AgNPs. However, most of the absorbance increase has been accomplished
already byincreasing the exposure time fronmin to 4.5min. The absorbance maximums
of the SPR bands rema#t the same positiomdependent ofyy with | max=413nm for
[Ag*]/[COOT] =0.16 andl nax=424nm for [Ag])/[COOT] =0.8, suggesting comparable
sizevalues of AgNPs.
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Figure 4.2.22 UV-vis absorption spectraf
Ag'-PA solutions after UV-illumination
containing [NaPA] = 2 mM and [Ay[COO]
= 016 at variable UVexposure timetyy:
2(Z) , Z3and®7 &) min. Dashed lines
correspond to samples aged foh Ibefore
UV-exposure. Prior to thenalysis by UWis
spectroscopy,solutions were diluted with
agueous 0.0M NaNG; to [NaPA]=1mM
while [Ag']/[COO] ratio was kept unchanged

Figure 4.2.23 UV-vis absorption spectraf
Ag'-PA solutions exposed to UMight
without aging, containingNaPA] = 2 mM
and [Ad]/[COO] = 0.80 at variable UV
exposure timetyy: 2 ( Z2),) and .
7 (Z ) min. Prior to theanalysis by UWis
spectroscopy, solutions were diluted with
aqueous 0.0M NaNG; to [NaPA]=0.5mM
while [Ag'J/[COQ] ratio waskept unchanged
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For the aged systemuith [Ag*]/[COQ7] = 0.16 the position ofthe SPR band does not
significantlydepend oryy too (I max = 405409 nm), while the absorbanaaf the SPR band
riseswhentyy is increasing Figure5.2.22).A slight increase of the absorbance in the red
region of aged AGPA aggregates exposed to Uight at alltyy indicates the presence of
Ag-NP assemblies as it has been also suggested in the previous Chapier2.4).We
can assume that the number of these assemblies is growing along with a total number of
individual Ag-NPs However it is not cleawhether he number of AGNPs per assembly is
increasingsince the absorbance depends on several factors including shape, size and
surrounding media of A@§IPs in assembly84,152,153] and SLS/DLS data show
decrease in sizes of the overall hybrid particles (FigLze21)

4.2.7 Local Distribution of Ag " and Ag -NPs in PA -chains

ASAXS experiments were designed to investigate the distribution of thHeidkg
adsobed onto the anionic PA coils anfl Ag-NPs generated thereof after exposure te UV
light. It is expected to reveah deeper insight into the evolution of size and local
distribution of the A§/Ag-NPs within the stabilizing PA coils.

Preparation of NaPA solutions with Agn aqueous 0.0M NaNO; was performedat
one concentration of [NaPA]2 mM with two different ratios [A/[COO7 =0.16 mM
(system Afrom dense unstable aggregates regiared 0.32 mM (system Bom dense
stable aggregates regim@he system A was analysed only after exposure tolight
(tuv = 7 min) since it is unstabl®defore illumination. System B was analysed before and
after exposure to UNight. Resultsareshown in Figure4.2. 247 4.2.26.

An additional SAXS curvef thesystem Bat alower energyl2.000keV made possible
to investigatethe general scattering froAg'™-COO toward lowerg demonstratinghat Ag
ions assemble into small noddike structures(Figure4.2.25) The solidlines of the
Figures4.2.24 and4.2.26 represent a Porod lavt§5. All scattering curves are parallel to
this power law Theefore the q“*-decayindicates a smooth interface of demsg'-COO
nodulesin case of the sample without UlWumination (Figure4.2.24) andof Ag-NPs in
case of dense aggregates exposed teight (Figure4.2.26). Due to the limitedy-range,
of those curvesvhich establish the energy dependent ASAXS analysis to be discussed in
the following paragraphshe size ofAg"™-COO nodules can be calculated only from the
Kratky plot of the SAXS curvemeasured at 12.00&V for system B(Figure4.2.2%5) by
means ofthe i P s eGuihier Ra d i R.sx& 3"¥0max [166, which is approximately
21 nm.
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Figure 4.2.24 System B before exposure to UV  Figure 4.2.25 Kratky plot of SAXS curve
light measured at three different energies ¢ at 12.00keV of system B before
24.637keV (A), 25.500keV (A), 25.521keV exposure to UMight.

(A) and at a separate lower energy c

12.000keV (A). The pure resonant scattering

from Ag' cations A) is extracted fronthe three

SAXS curves measured at 24.6&V,

25.500keV and25.521keV.

SinceASAXS experiments showed sufficient differences in the intensities of scgtterin
curves at three energies (Figude®.24 and 4.2.26), it was possible toextract the pure
resonant scattering from Agntities(see Chapte?2.2, eq(2.38.40)) This will be used to
analysethe distribution of the Agcations adsorbed onto the anionic PA coils prior to the
exposureto UV-light and AgNPsgenerated in the domains afigregatedPA coils after
the exposureat UV-light. The successful extraction afpure resonant contribution of Ag
from ASAXS can befurther used to calculate thmtegral of the resonant invariauta
eq(2.48) This resulting invariant enabled astimaton of the amount obound Ag ions
andAg-NPswithin the polymer(Figure4.2.27). Due to a restricted-range of the ASAXS
experiments, the calculation of the integral a@< 0.12nm was approximated as area
of a triangle. Such an approximation leadsattower limit of the number density of the
Ag" ions/AgNPs, since the maximum of the resonant invariant with respegdstat ag-
value lower than 0.18m (Table4.2.4.

Table 4.24 Quantitative parameters of three solutions with different
[Ag*)/[COOT] ratios. 00representghe concentration of Ag atoms in the
condensed phase deduced from the experimentally accessible section of the
resonant invariarnieq(2.48))

System [NaPA]/ mM | [Ag']/ mM | [Ag')/[COO] o0 mm
B i before U\texposure 2 0.64 0.32 0.350+ 0.193
B 1 after UV-exposure 2 0.64 0.32 0.286+ 0.129
A1 after UV-exposure 2 0.32 0.16 0.228+ 0.104
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Figure 4.2.26 System A (circles) and B  Figure 4.2.27 Kratky plots of the pure
(squares) after exposure to dight measured resonantscattering contribution of systems
at three differentenergies of 24.637 keV A (,) and B (A, A). Full symbols
(, /A), 25500 keV (,A) and 25.521 keV  correspond to systems exposed to-ligit,

(, /A). The pure resonant scattering from A¢ empty symbols indicate ndhuminated
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curves measured at 24.683V, 25.500keV

and25.521keV.

The concentratiodd0bf Ag sticking to PA coils for all samples is closettie averaged
value of 0.29mM, which corresponds tpAg*]/[COOT =0.145 Although thestandard
deviation of thecalculateddXis +50% and thus very high (Tabde24), it may indicate
that the increase of the Ag content in "ARA solutions by a factor ofwo does not
significantly change the content of A¢Ps in the PA matrix. The resonant invariants for
system B before and after exposure to-lig\it (Figure4.2.27) overlay. Therefore we can
assume that AQIPs are indeed formed from A ons far r em®is.eThisd by
supports thdaypothesis of éimited capacityprovided by thé®?A-coilsin the process ahe
photoreduction of Agions and probable absorption of neonsumed Afions on the
surface of AgNPs and thus modifying the opdl response from AdlPs(Chapterst.2.4
4.2.6).

4.2.8 Conclusion

The presentChapter4.2 establishes the correlation between the state of-Py
solutions corresponding to a certain location in the phase diagram and properties of Ag
NPs formed by meansf UV-exposure of the respective ABA solutions. Two phase
states have been considered: dense unstable (wif}/[2@07] < 0.3) and dense stable
(with 0.3<[Ag*)/[COO]<2.5) Ag-PA aggregates. The size of hybrid particles
containing both AgNPs and R-coils were characterized by SLS/DLS. The-NBs were
analysed by UWis spectroscopy and TEM.
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In case of dense unstable ABA aggregates ([AF[COO7] <0.3), individual AgNPs
of the average size of c25 nm were generated from naged AJ-PA solutiors by means
of photoreduction of Agions under the UMight. If the samples were aged before being
UV-exposed, the system exhibited continuous aggregation ardPAgwere formed in
assemblies. The size of AgP assemblies depends on the aging tixgend time of UV
exposuretyy. It can be assumed that the size ofMg assemblies is proportional to the
size of the hosting AgPA aggregates)amely a longer aging timgg will lead to larger
aggregates and thus to a formation of bigygtNP assembliesHowever, if the AGPA
aggregates are U¥xposed at increasingly longer tirag, more Ag ions will be reduced
and hence the aggregated-Bdils will lose more bridging Agions. In such circumstances
Ag-NP assemblies may disassemble into smaller ohes main resultag andtyy can be
considered as tools to control AP formation (Figurel.2.28).

single NaPA
chains

0.3 < [Ag*]/[COO] < 2.5

Figure 4.2.28 lllustration of the AgNP formation under U\exposure to
UV-light of Ag'™-PA solutions belonging to dense unstable *-Ré
aggregates ([AGQ/[COO]<0.3) and dense stable AgPA aggregates
(0.3<[Ag')/[COO] < 2.5).

Stable dense aggregates (8\g*]/[COQT] < 2.5) provide less options to vary the
nature of AGNPs. The aging of AgPA solutions before U\éxposure does not influence
the final result. Independent of the sample history, predominantly individuaNRg of
ca.25nm in size are obtainefFigure4.2.28) Variations of U\exposure time increase
slightly the number of AdNPs

Increasing the ratipAg*]/[COQ7] within the same plsz state leads to a higher number
of Ag-NPs without significant changes in their size and morphology. Since the
concentration of NaPA has been kept constant along the increase ‘Y{¢ag], the
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fixed source of electrons from carboxylic groups leadsnt@@umulation of excess Ag
ions on the surface of A§Ps modifying the optical properties thereof.

SAXS and ASAXS experiments reveal also a limiting capacity oBifs in reducing
Ag" and successively hosting the APs. Increasing thpAg*]/[COOT] ratio twice does
not significantly vary the content of Adihe size of AG-COO nodules before UV
illumination is of comparable size to the APs being formed thereof by means of the
UV-exposure. This observation once again emphasises the essential role of polyacrylate in
Ag-NP formation and demonstrates the correlation betweesizkeof Ag-PA aggregate
and the size of the individual/assembledM\gs.
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4.3 Specific Interactions between Ag , Ca®", Mg ?" lons and

Spherical Polyacrylate Brushes

Specific interactions between linear f8ils and Ag ions (Chapter4.1) resuledin a
rich diversity of entities described bya phase diagram (Figudel.22) The latter one
turned out to serve as a tool to control formation ofNRs (Chapte#.2). As a next step
we decided to modify the R&atrix by attaching PAoils to a solidPScore forming
spherical polyacrylate brushes (SPB) thereof. This may extend our knowledge on the
interaction pattern between CO@oups and monovalent Agons by looking ata
morphologically differenpolyacrylate systerauch as SPB, which can also be usedgn
NP formation (Chaptet.4).

Figure4.3.1 shows the comparison of the -Bidell shrinking in AgN@ and NaNQ
aqueous solutions. In both cases the thickness of tHay@AL wascalculated viaeq3.5)
with data from DLS measurements. In spite of the fact that tHdohg like Nd ions are
monovalent, the shrinking of the Pghell occurs at a much lower Agoncentration. The
trends are shifted by a factor of 1 Na* ions are exchanged by Ag
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Figure 4.3.1 ThicknessL of the PAlayerin SPB(HMEM) solutions at a pH
of 7 as a function oAgNO; concentration. The inlet represents thiekness

L of the PAlayer of SPB(HMEM) as a function of NaN©oncentration at a
pH of 11

Such a significant effect of Agons on the PAayer invokes further experiments and a
clarification of the following aspects. (i) Since SPBs are very sensitive to pH and ionic
strength, analys of Ag*-SPB solutions at variable pH and inert salt level may provide
more information about theriving forcefor the shrinking of PAshelk in the presence of
monovalent Ag ions. (ii) As has been outlined in Chapfet the ratio between COO
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groups and Afionsis a crucial factor in the formation of AgPA aggregates of a certain
nature It could be interesting to compare [Agit which the phase separations occur in
Ag’-PA andAg’-SPB systems(iii) Since thelength and grafting density of P&hains
chemicaly attached tahe PScores can bearied (Table3.7), three systems differing by
these parameters will be tested with respect to theisli®N shrinking in the presence of
Ag’. In order to enable a systematic study more than ttyees of SPB should be
investigated. However, we believe that the comparison of three systems at lggise@an
general qualitative analysis 8y"-SPB systems. (iv) It is also worthwhile to compare the
shrinking of the PAshells induced by Agions with theshrinking of the PAayer induced
by divalentmetalions such as Gaand Md¢*. (v) The phase behaviour of SPB in the
presence of Agand C4" can be compared to the respective phase behaviour of linear PA
chains.

The synthetic route toward SPB and their characterisation are described in detail in the
Chapters3.5-3.7.

4.3.1 Ag" induced Shell Shrinking
at variable lonic Strength

To consider the effect of Agons onthe shrinkihg of the PAshell at variableionic
strengthtwo SPRHMEM) stock solutionsvereused to prepare two series of the' /8PB
solutions at fixed [COQ and variable[Ag']. One SPRHMEM) stock solution was
prepared using aqueous O0M1NaNQ; as a solvent and the other one was basesiatin
free water. Details of the AgSPB solution preparation and of the light scattering
measurements thereof are givanChapter3.8. Results of the DLS analysis are shown in
Figure4.3.2, where the thicknessof the PAshell is plotted versus [AY

The threshold valyedenoted agAg‘]sw at which the collapse of the PlAyer is
completedwasestimated in the following wayt éirst we averaged allL values lie on the
plateauin order to establish the correspondlgg(seeFigure4.3.2). After that wedenote
the lowestconcentration of A§ions as [Ad], at whichmeasured. still belongs tothe
plateauregime with +6 nm. The closestconcentration of Ag§ions to [Ag*], where the
value ofL did not reachL, was denotecs [Ag*]". The mean value between [Agand
[Ag™]p was established abe concentration of Agons at which the collapse of Pghell
can be complete({Ag*]sh). The difference between [Ap and [Ad], wastaken as the
estimated uncertainty of [Afy, (Figure4.3.2).

Full shrinking of the PAayer of SPB occurs at [Afgn,= 0.25mM in both series. Even
when the electrostatic interactions are screened by the inert saliMONEING;), the
amount ofthe Agd ions inducing the shell shrinking is the same as in the salt free SPB
solution, where only a few percent of the counterions are osmotically active (can leave the
brush layer). We assume that in both cases as soon @sn&gre in the SPB solutidhey
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are i mmediately 0t r ajqglsddedto theisttohgicomplexatien ahd e x i t
inter-coil bridging, which causes the Pghell shrinking at such a low [Af.
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Figure 4.3.2. ThicknessL of the PAlayer of SPB(HMEM) in Ag-SPB
solutions at a pH of 6.5 as a function of AgN&ncentration in salt free
solution @) and in 0.0IM NaNO; (A). The concentration of [CODis
0.1mM. The black horizontal line corresponds to the plateau value
Ly =32nm of the colipsed PAayer. The shaded area indicates the
standard deviation af, which is +6nm. Blue and black arrows pointing
down denote [A§. in salt free and in 0.0 NaNG;, respectively. The red
arrow shows the [A{s, where the collapse of the RAyer iscompleted

the red area on theaxisindicates a experimental uncertainty of [Alg.

Coagulation of latex particles e absence of inert salt, we call this situation as salt
free solution,sets in at [Ad] & 1 mM, whereas the AgSPB solutions ir0.01M NaNO;
remain stable up to [A§& 8 mM. The DLS characterisation of AGPB solutions in
0.01M NaNG; at [Ag'] =8 mM identified a slight increase &, andwhich indicates the
onset ofaggregatiorof SPB. In fact, AGSPB solutions with [Af§ O8 mM precipitate
after a few hoursSince coagulation points to an effective attraction between the latex
particles L67 one of the possible explanation for better stability of-8§B solutions in
0.01M NaNG; is the exchange pressure of 'Nans, which liberates a certain fraction of
Ag" ions from the PAayer preventing the coagulation to easily set it.

From these results we can conclude that additional salt irSR@ solutions leads to a
considerable shift of the coagulation threshold {Jgbut has no effect on the minimal
Ag’ concentration ([Afsn) which induces full shrinking of the Pghell.
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4.3.2 Ag” induced Shell Shrinking at variable pH

The behaviour of SPBs consisting of Aains strongly depends on the pH value and
ionic strength[46,49,51]. Considering the PAayer of the brush in the presence of the
inert salts (NacCl) at variable pH we have the following situathdnlow pH the carboxyl
groups of the PAchains are viually uncharged and the chains are only partially stretched
With increasing the pH, charges are gradually introduced and the osmotic pressure of the
condensed counterions together with the electrostatic repulsions within tobai®s
swells the brush. At the same timdtiwvincreasing the concentration mwionovalent metal
ions, as for example Nathe SPB shrinks due to a screening of charged carboxyl groups
by these cations. At high pH, where the degree of dissociation of carboxylic groups is
higher, this effect in terms of the changd.iis more pronoured[51].

In order to see howery low pH, where anionic P&hains are hardly dissociateday
influence the Aginduced shrinking of the Rahell, weperformed DLS measurements of
the Ag-SPB solutions wherthe pH of SPB(HMEM) solutions was carefully adjusted to
4.4 and & before mixing with Agions The concentrationfgpositive charges in Ag
SPB solutions was set to 0.0 The Ag'-SPB solutions containe@05 mM of carboxylic
residues were analysed by DLS. &kt on the solution preparation and on the DLS
characterisation are given @hapter3.8. Results of two experimental series are shown in
Figure4.3.3.

In Figure4.3.3 a shrinking of the Pdayer was observed at [Agh,= 0.25mM when
the pH of thesolution was 6.5 and at [Afkh, = 0.625mM in the solution with a pH of 4.4.

The [Ad']shr values were estimated in the same way as in Chaj®dr. The reason why at
lower pH the shell shrinking in SPB solutions occurs at highecddent may be the
following: at high pH the PAcoils are almost fully dissociated and provide more
Aactivatedod carboxylic gr oup spartican bridgng c¢c an
with Ag® ions immediately as the latter ones are in the solutions. Whereas when the pH is
low and there are less neutralized carboxylic group$,iéws sticking to PAcoils have to
compete with protons within the Pghell.

All Ag*-SPB solutions were monitored by DLS for four days in order to check the
stability of the Ag-SPB solutions interms of their size. Figu#3.4 shows that the
thickness of the PAayer L does not vary with sample age and latices are stable over a
long time.
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Figure 4.3.3. ThicknessL of the PAlayerof SPB(HMEM)in solutions at a
pH of 4.4 Q) and of 6.5 A) as a function ofAgNO; concentration in
0.01M NaNGs;. The concentration of [COPis 0.05mM. The Hack
horizontal line corresporsdo the plateau valug, = 40 nm of the collapsed
PA-layer. The shaded area indicates the standard deviatidp, @fhich is
+5nm. Black and redreows indicate Ag*]«, at a pH of 6.5 and at a pH of
4.4, respectivelyThe red and black area dhe x-axis shows the [AGs
range where collapse tife PA-layer iscompleted.
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Figure 4.3.4. ThicknessL of the PAlayer of SPB(HMEM)in solutions at a
pH of 4.4 {) and of 6.5 A) as a function ofAgNO; concentration in
0.01M NaNG;. The concentration of [COPis 0.05mM. The Hack
horizontal line corresporsdio the plateau valug, = 40 nm of the collapsed
PA-layers.The shaded area indicates the standard deviatidg wfhich is
+5nm. Symbols indicate that DLS analysis was performed on°ti&)1 2™
(. ), 3% ) and 4' (B ) day after the solution had been prepared.
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4.3.3 Ag" induced Shell Shrinking
Comparison of  the Solubility Behaviour

in Ag*-SPB and Ag’-PA Solutions

in Three SPB Types and

The PAshell shrinking in the presence of Agas analged with three types of SPB,
which differ by the counter length of the grafted-Bf#ainsL; and by the grafting density
(Table3.7). Each of the SPB solutions was prepared by diluting a small amount of latices
with aqueous 0.0M NaNO; to the final concentrations of [COO= 0.05, 0.15 and
0.25mM (seeChapter3.8). The pH of the SPB solutions was adjusted in each case to 6.5.
In these series of experiments w@nt to find out whether the brush parameters and
concentratioa can influene on [Ag*] range at which a fulshrinking of the PAshellis
induced

Figure4.3.5 shows three graphs one for each SPB, where the thickrafsthe PA
shell analysed by DLS is plotted versus thé Agncentration. Each graph shows plots for
three colloid concentrations [COOAs expected, in all AgSPB solutions the minimal
concentration of Afjions ([Adsn) where the shrinking of PAayer is completed, is
shifted to higher values witincreasingthe monomer concentration or, in other words,
with increasing number density of the SRBT].
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Figure 4.3.5 ThicknessL of the PAlayerin Ag’-SPB solutions a& pH of
6.5 as a function oAgNO; concentratiorin 0.01M NaNGO;. Three types of
SPB in the presence of Adons are analysedSPB(HMEM) i grapha,
SPB(ABP)i graphb, SPB(BA)i graphc. The oncentration of [COQ is
0.05 mM (squares)0.15mM (circles) and 0.25nM (triangles) The black
horizontal lines correspond to the plateau valugf the collapsed PA
layers: 40nm(a), 17nm(b) and 29'm(c). The shaded area indicates the
standard deviation df, which is £5nm.
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The absolute thickness of the collaps&h-layer of SPB(BA) is ca29nm
(Figure4.3.5(c)) which is smaller than the thicknelss = 40 nm of the collapseBA-shell
of SPB(HMEM) (Figure4.3.5@)). Since SPB(HMEM) and SPB(BA) have RAains
similar intheir contourlength (.), the difference iprobablycaused by the size of the PS
core, which is bigger in case of SPB(BA), and by the grafting density of theh&As,
which is higher for SPB(HMEWM(Table3.7). Accordingly, the shrunk PAhell should be
thinner in case of AgSPB(BA) solutions compared to AGPB(HMEM) solutions.

In case of the SPB(ABP) the thickness of the fully collapseda®ér induced by Ag
ions isLp =17nm (Figure4.3.8b)) and hence even smaller thtrat of thetwo others
collapsed shells. Thisffectshould bedue to the length of P&hainsL; (Table3.7), which
is shorter than in SPB(HMEM) and SPB(BA). At the same tithe size of the PSore of
SPB(ABP) isequal tothe size of the PSore of SPB(BA) and bigger thdhe size of the
PScore of SPB(HMEM). Hence, we can conclude that the thickheskthe PAshell
collapsed by A§ions is influenced by the brush parameters such.as and R, ps
(Table3.7).

In orderto estimate the [AGsh values at which the collapse of the PAyer beginsat
variable [COO] and to further compare these valuesnong thethree SPBsthe same
procedure as in Chapté:3.1 was carried oufTable4.3.1 summarises the results tbe
calculations made fronie datapresentedn Figures4.3.5.

Table 4.3.1 Parameters defining the threst®ldf shell shrinking inAg*-
SPBsolutionsin 0.01M NaNG; at a pH 06.5.

Estimated
SPBtype |[COO]/mM | [Ag*]y/mM | [Ag*T /mM |[Ag*]sn/ MM | uncertainty of
[Ag+]shr
0.05 0.2 0.175 0.1875 0.025
SPB(HMEM) 0.15 0.4 0.3 0.35 0.1
0.25 0.6 0.4 05 0.2
0.05 0.25 0.175 0.2125 0.075
SPB(ABP) 0.15 0.4 0.3 0.35 0.1
0.25 0.5 0.25 0.3/ 0.25
0.05 0.4 0.25 0.325 0.15
SPB(BA) 0.15 0.6 0.45 0.525 015
0.25 0.75 0.5 0.625 0.25

Figure4.3.6(a) shows the resulting diagram whehe minimal threshol@¢oncentration
of Ag® ions at which the collapse of Pghellis considered tive completedAg™]sh are
plotted versus [COQ The estimatedincertainties of [Asn, values are comparably high
due to the broad increments (steps) of JAmn comparison to their absolute values.
Nevertheless, there is a slight dependence of]g@n [COO] which agrees in all three
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types of Ag-SPB solutionsin order to complete the shrinking of the ®#yer at higher

SPB concentration more Agons should be added. The difference between the threshold
values among three different SPB types is within the experimental uncertainties and can be
considered as negligibl€igure4.3.6(b) showsthe same data as fgure4.3.6(a) with the

[Ag]shr excdhanged by the [AGsh/[COQ] ratio, calculated in according to used [CDID

each series of experiments. ForAf|"-SPB solutions the trend of the Pell shrinking

with respect to [A/[COOT] ratio is reversed the shrinking of PAlayer is shifted to
smaller [Ag])/[COOT] ratios with increasing the monomer concentratiogaching a
constant value of c&-3.
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Figure 4.36 The Ag-SPB diagrams where [AGs (grapha) and [Ad]s./
[COQ] (graphb) is plotted versus the SPB concentration [CJOJ@r Ag'-
SPB solutionsgn 0.01M NaNG; at a pH of6.5 for three types of SPBs:
SPB(HMEM)(A), SPB(ABP) ) and SPB(BA) ).

All Ag*-SPB solutions were stable over days. FiguBs7 shows the results from DLS
measurements of AgSPB solutions at [COP= 0.25mM monitored for three days. The
thicknessesf PA-layers at a certain valwé [Ag’] remain constant.

From the data presented in Figdt8.2 we know that AGSPB solutions in ©1M
NaNQ; precipitate at [AgcA8mM and the PAshell is fully shrunk already at
[Ag']shr=0.25mM. The coagulation threshold was determined only for thé-3RB
solutions with [COQ = 0.1 mM, however, from Figure4.3.6, we learned that [Al, at
different [COQ] concentrations and types of SPB shift only slightly. Thus, we can assume
that in the range of 0.05[COQ] 00.25mM the coagulation threshold will be located at a
similar Ag" concentration (cé88 mM). Hence, the concentration rangef o
0.25<[Ag’] <8 mM corresponds to the regime of stable’/APB solutions, where the
PA-layer of SPB is fully shrunk but the latex particles are still separated and do not
coagulate.
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Figure 4.3.7 ThicknessL of the PAlayerin Ag’-SPB solutions a& pH of
6.5 as a function oAgNO; concentrationn 0.01M NaNG;. Three types of
SPB in the presence of Adgons are analysedSPB(HMEM) i grapha,
SPB(ABP)i graphb, SPB(BA)i graphc. The oncentration of [COQ is
0.25mM. The black horizontal lines correspond to the plateau valyes
the collapsed PAayers: 40nm(a), 17nm(b) and 29 m(c). The shaded
area indicates the standard deviatiofpfvhich is £5nm. Symbols indicate
that DLS analysis was performed on th® (quares), ¥ (circles), &
(triangles)day after the solution preparation.

It is not possible to characterize ABPB solutions at [COD> 0.25 because of the
high turbidity. Therefore, we could not perform DLS experiments in samerange of
[COO] as we have done with line&g’-PA solutions(Chapter.1), whereit was varied
between 0.64nM and 5.12nM. However, we establigldl a coagulation threshold by
visibility study, which further can be compared to the precipitation threshold of linear PA
chains in the presence of Ag

Figure4.3.8 shows the results from visual observationf Ag'-SPB solutions
scrutinized in the range of the monomer concentrations@iCDO] O4 mM and in the
range of Agcontentof 8 O[Ag™] O 1 M, presented aa phase diagranVials with 2mL
of Ag'-SPB solutions were monitored during one month. In order to estimate the
coagulation concentration [Alg we took the mean value between highest concentration of
Ag" ions at whichsolutions are still stablgAg*]1) andlowestconcentration of Afionsat
which the latex coagulatdgAg’],). The difference between these two values is taken as
the estimated wertainty of [Ad].. Table4.3.2summariseparameters defining [Ag. for
Ag’-SPB solutions from Figur&3.8 From this set of data we see that the coagulation
threshold at higher SPB concentration is shifted toward highércégcentration and is
defined in the range of 7G[Ag*]. 09.5 mM.
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Table 4.3.2 Parameters definingoagulation ofAg*-SPB(HMEM) solutions
in 0.01M NaNG; at a pH of6.5.

[COOT/mM | [Ag'./mM | [AgTT./mM | [Ag']./ mM unceizit:?yagiigm
1 7 8 75 1
2 8 9 85 1
3 8 9 85 1
2 9 10 95 1
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Figure 4.3.8 Reslts from visual observationsn Ag'-SPB solutions in
0.01M NaNG; ata pH of ca.6.5. Full squaredenotea coagulation of latex
in Ag*-SPB solutionswhereasempty squares correspond to stabtg-SPB

solutions.

We can compare the obtained shrinking and coagulation thresholds "eSPR)
solutions with the respective boundaries of solutions with lineaf-P¥g thereof.
Figure4.3.9 shows a [A{]-[COO] phase diagram where the phase behaviour of two PA
systems in the presence of ‘Agns are presented. Both of them havedPains, however
in one case they are homogeneously distributed (lineachis) and in the other case
they are first of all much sier and, secondly, chemically attached to a soliec&®8

(SPB).
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Figure 4.3.9 Results from the visual observations and the DLS experiments
on Ag-SPEHMEM) solutions in0.01M NaNQ; at a pH of 6.5: PA-shell
shrinking threshold(A) with data from Figur&.3.6a and coagulation
threshold A) with data from Figue4.3.8. Solid lines indicate phase
boundaries ofolutionsof linear Ag*-PA in 0.01IM NaNGO; (Figure4.1.22:
precipitation thresholdZ ), separation line betweedense unstabland
dense stable aggregat&s), aggregation thresholé& ).

The coagulation concentratioof SPBwas compared tahe precipitation thresholaf
linear PAchains and gave following results: Two thresholds differ by M
(Figure4.3.9). The phase boundaries do not overlay but hav@milar stoichiometric
number ofsilver cations with respect to the number of negative monomer nagjtsred to
precipitate thé®A-chains:ca.0.45 in case of AgPA solutions an@a.0.6 in case of Ag
SPBsolutions In both polyacrylate systemidre isa large range of [Ag where solutions
are stablearegime of dense stable aggregatéth linear Ag-PA anda phasestate when
the PAshell of SPBis shrunk but latices do not coagulate remaining homogesigo
dispersed in water solution (the asdzetween red and blue symbuoisFigure4.3.9). The
Ag’ ions in case of AGSPB solutions are certainly located in the-§t#ell, whereas in the
coreshell Ag-PA dense stable aggregates it is not clear what phell(or core) are
dominantly enriched by Ag

Since the distance between two neighbouring grafteatdla in SPB is smaller than
two timesRy of PA-chains(Table3.7), PA-layer represents highly concentrated solution of
PA-chains. From this point of viewhe shrinking of PAayer in Ag-SPB may be
compared with the shrinking of the homogeneous low density aggregates to dense unstable
aggregates observed in linear "AgA solutions. In conclusion of all these common
properties of AGSPB and AGPA systemsve can refer to a very strong binding of Ag
ions to PAchains, independently ofA morphology.
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4.3.4 Ca®" induced Shell Shrinking and Comparison of  the
Solubility Behaviour of Ca~ ?*-SPB and Ca®*-PA Solutions

In order tocompare the effect of monovalent Aigns on the shrinking of the Rlayer
with the corresponding effect oflivalent ions, we performedfour series of DLS
experiments on SPB(HMEM) latices at four different [CDI® the presence of Ghions
The detailof the solution preparation are givenChapter3.8.

Figure4.3.1qa) shows the dependence of the brush thickresn [C&Y] for the
SPB(HMEM) solutionsFrom these datave estimatd the minimal concentration of €a
ions ([Ca**]sh) at whichL reaches the plateau valug within £5 nm inananalogous way
as it is described in ChaptB.1. Table4.3.3 summarises the results thfe calculations
made fromthe datapresentedn Figures4.3.10(a), while Figures 4.3.1Qb,c) represent two
plots where [Ca®]shy and [C&']sn/[COO] are plotted versushe concentration of
carboxylate groups.
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Figure 4.3.10 Grapha: thicknessL of the PAlayerin C&*-SPBHMEM)
solutions a pH of 6.5 as a function of @k in 0.01M NaCl. The
concentration of [COQis 0.05(A), 0.1 @A), 0.15 A) and 0.XA) mM. The
black hoizontal line corresporgito the plateau value of the collapsed-PA
layersLy = 25nm. The shaded area indicates the standard deviatidr, of
which is £5nm. Black arrow shows [G§.. Graphs andc: the C4"-SPB
diagrams where [CHq and [C&7/[COO] plotted versus the
SPB(HMEM) concentration in terms of [CQ(respectively.

Full shrinking of the PAlayer was observed in the range of a1 O1.25mM and
with increasinghumber density of SPB it was shiftedHigher[C&f*]sh: (Figure4.3.10(b)
similar to the shrinking of PAayer in Ag*-SPB solutions(Figure4.3.6). The initially
strong decay of [Cd]sn/[COO] in Figure4.3.10(c) can be attributed to the fact that the
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