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Supervisor’s foreword

Reversible deactivation radical polymerization (RDRP), formerly also known as
controlled radical polymerization or living radical polymerization, has become one
of the most prominent methods in polymer science for tailoring the architecture of
synthetic polymers. Reversible Addition-Fragmentation chain Transfer (RAFT)
Polymerization is one of these RDRP processes and has the distinct advantage of
being extremely versatile with respect to monomer choice and reaction conditions.
As a consequence, RAFT has become a standard method for synthesizing polymers
with complex topology and demanding functional groups, which can be produced
with this method with relative ease.

RAFT polymerization, however, also shows great potential for functionalizing
surfaces with well-defined polymers, which can either directly be formed upon
the surface via linking the controlling RAFT agents to a specific surface or via
grafting preformed polymer obtained by RAFT. Both strategies have their benefits
and disadvantages, but provide pathways to unique surface structures which cannot
easily be obtained with alternative methods. Surface-bound star polymers, polymer
loops, block copolymers, and network structures are currently being developed,
demonstrating the rising complexity of these materials. For obtaining functional
materials, however, the choice of the partner that provides the solid surface is often
of equal importance. Nanoparticles have attracted much attention in this context,
as they provide a large surface area and unfold specific functionalities that are not
accessible with larger particles. The field of functional nanocomposites made of
tailored polymer and nanoparticles of various natures is thus a very vivid one and
many materials with new properties are currently emerging.

Gold nanoparticles are one of the most prominent nanoparticles in this respect
and they are used as (bio)sensors, in medical applications, for catalysis, and in
many industrial applications (e.g., cosmetics, food packaging, lubricants). Gold
and RAFT were long considered to be completely incompatible, as sulfur—the
main active element of any RAFT agent—is known to strongly interact with gold
surfaces. Bastian Ebeling decided to tackle this problem and chose the development
of nanocomposites made of gold nanoparticles and functional polymer—namely
the thermoresponsive poly(NIPAm)—made via RAFT polymerization as topic for
his PhD thesis. The goal of the project was to evenly disperse gold nanoparticles
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in the functional polymer matrix in order to arrive at new sensor materials, in
which surface plasmon resonance signals can be used as a measure for interparticle
distances that respond to external stimuli. The probability of success for this project
appeared to be rather low in the beginning, but Bastian Ebeling showed real com-
mitment by turning many obvious disadvantages of the system into benefits and
exploiting the specific characteristics of the system, leading the project to a superb
completion. He designed these nanocomposites directly from scratch, developing
and exploring all building blocks individually in an extremely systematic way. The
very well investigated components were finally combined to generate astonishingly
regular nanocomposites, which not only constitute a new class of materials, but also
provide a system that can be used for probing macromolecular structures of the
matrix polymer. By investigating the responsiveness of the polymer matrix, he also
made substantial contributions to the thermodynamic understanding of the LCST
behavior of poly(NIPAm). The experimental approaches for linking polymer to
gold nanoparticles, which he developed during his thesis, are invaluable for further
progress in this field and have already sparked new material design strategies, such
as planet-satellite structures, which have not been accessible before.

The PhD thesis by Bastian Ebeling is in every essence outstanding: It describes
excellent science, is enjoyable to read, and also looks great. It was a real pleasure
and privilege for me to supervise Bastian during his doctorate and I am deeply
convinced that we will see many more excellent publications by him. I wish him
the very best for his future.

Gottingen, 27.11.2014

Prof. Dr. Philipp Vana
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gold nanocrystals on a glass surface (Section 8.3.2.1) that was converted into a 3-
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Abstract

Within the work presented here, the special features of reversible addition-fragmen-
tation chain transfer (RAFT) polymerization were exploited to explore pathways for
the production of novel nanohybrids composed of polymers and inorganic particles.
Surface-confined radical polymerizations were carried out employing RAFT agents
tethered to silica surfaces via methoxysilyl moieties located at the end of their
stabilizing Z-groups. The RAFT agents were adaptively designed to meet the special
demands imposed by different types of silica substrates. A doubly anchored RAFT
agent led to polymer loops on the surface of fumed silica through a polymerization
mechanism in which the propagating radicals as well as the mediating groups
remain attached to the surface. By the use of a RAFT agent with an anchor group
only capable of forming a single covalent bond (rather than three as for the first
RAFT agent), the crosslinking of colloidally dispersed carrier particles of silica
(& ~ 50 nm) during the immobilization process could successfully be prevented.

Poly(N-isopropylacrylamide) (pNIPAm) samples with distinct molar masses
were prepared in the presence of a trithiocarbonate RAFT agent. By analyzing
aqueous solutions of these multiresponsive polymers in an optical autoclave cell
up to pressures of 3000 bar and down to temperatures of —20 °C, a completely new
aspect of their phase behavior was found. It was demonstrated that the addition of
several organic cononsolvents in low concentrations leads to an increasing solubility
of the polymer in the low-temperature/high-pressure region, while, on the contrary,
the solvents reduce the solubility of the polymer and therefore its cloud temperature
at atmospheric pressure. It was found that the phase-separation behavior is gradually
and completely inverted, regarding both its pressure- and temperature-dependence,
when the mole fraction of added ethanol is increased over the whole cononsolvency
range. As a special case, at a mole fraction of x = 0.23, the system clears up
independent of temperature at a constant pressure of about 1000 bar. In terms
of solvent-solvent or solvent—polymer interactions, these findings support the
assumption of substantially different clouding mechanisms for the high-temperature
and the low-temperature regions.

The pNIPAm samples were grafted to gold nanoparticles (AuNPs, & ~ 14 nm)
obtained from the reduction of gold ions with sodium citrate. In a survey of dif-
ferent liquid-chemical AuNP synthesis methods, these particles had been found

xxiii
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to be especially well suited for the production of nanohybrids, owing to their ho-
mogeneity, their very reactive surface, the reproducibility of the reaction, and the
very pronounced plasmon resonance signal. The ability that the trithiocarbonate
groups incorporated into the RAFT polymers fulfill the second function of anchor
units for gold was thereby capitalized on, which turned out to be essential for long-
term AuNP stabilization. The products were analyzed via transmission electron
microscopy (TEM), revealing self-assembled hexagonal lattices of gold cores. The
interparticle distances in these lattices increased significantly with the molar mass
of the coating macromolecules, providing a universal calibration function. The
close-to-linear shape of this curve indicated a high polymer grafting density. By
atomic force microscopy (AFM), the decorating polymer was mainly found lying
laterally around the polymer cores in the deposited nanohybrids.

By performing the radical polymerizations in the presence of RAFT agents with
multiple trithiocarbonate groups, pPNIPAm samples composed of several homoge-
neous blocks interconnected by these functional groups were obtained. In contrast
to the conventional method of producing polymers of this structure—the coupling
reaction of functionalized prepolymers—the strategy employed here enables a gener-
ally higher extent of control over the product properties, with regard to the number
of trithiocarbonate groups per polymer chain and the lengths of the individual
blocks. Moreover, it could be shown that the strategy used here theoretically leads
to a more even distribution of trithiocarbonate groups among the macromolecules.

When these multifunctional polymers were employed in an analogous coating
reaction of AuNPs in the above-described manner, the same hexagonal lattices were
observed by TEM. The employed polymers possessed distinctly differing molar
masses and numbers of trithiocarbonate groups. The interparticle spacings in
the self-assembled lattices, however, were constant for all samples and, moreover,
significantly lower than would have been expected based on the calibration function
for the nanohybrids composed of polymers with single trithiocarbonate groups.
This proved that the multifunctional polymers are wrapped around the AuNPs with
several gold-trithiocarbonate junctions—a conclusion which was also supported by
results from AFM and size-exclusion chromatography. Absolutely no crosslinking
was found. These novel and promising nanohybrids constitute yet another pathway
for polymer loops on surfaces.

Courtesy of the responsive properties of the pNIPAm shells in combination with
the optical characteristics of the AuNP cores, a reversible color change of the water-
soluble nanohybrids could be externally triggered, promising a great potential for
sensor applications.
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Part |

Introductory part

This part gives a theoretical introduction to the subjects of this thesis. After the
general introduction, which also contains the main objectives for the performed
work, the current state of research of the underlying field and the basics for the easy
understanding of the results in the main part are outlined in the section “Theoretical
background”. The key topics here are polymers, in particular RAFT polymerization,
the very special properties of pPNIPAm, and the relevant concepts of nanosciences,

including the general pathways for the surface functionalization of nanomaterials
with polymers.



Chapter 1

Introduction and background

1.1 Introduction

The nanoscale (from the ancient Greek vavog, meaning dwarf) refers to structures
with at least one dimension sized from 1 to 100 nm.!!! Substances in this size regime
can exhibit peculiar properties that are dramatically different from the bulk solids
as well as from the individual molecules, such as a lower melting point, a higher
conductivity, a greater elasticity or strength, a higher reactivity, catalytic capacities,
or a different color.?) As opposed to the typical lustrous color of gold bars, colloidal
solutions of spherical gold nanocrystals appear vividly red, owing to the collective
oscillation of the confined conduction electrons being in resonance with the incident
light.!3!

Materials containing nanosized subunits are termed nanomaterials. Their macro-
scopic properties are governed by the large interface area per unit volume. Over the
last several decades, there has been an ever-rising surge of scientific activities on
nanomaterials.[*! They can be employed in a vast range of applications, for instance
in medicine, electronics, optics, biology, catalysis, and energy production,[s] and
are found more and more in commercial products./®) Major driving forces behind
this boost were the emergence and improvement of advanced microscopic tech-
niques and the craving of modern technologies for a rampant miniaturization.!”’
It is forecast by many that we are on the verge of an era where nanomaterials will
reshape our daily life just as steel did in the industrial age.!®!

Although synthetic polymers are usually not regarded as nanoscaled objects
by themselves, they are ideal and cheap candidates for uniting with inorganic
nanoparticles.” ! The formed organic-inorganic hybrid materials, or nanohybrids,
can adopt the best properties of both constituents, 2! in exact analogy to the mytho-
logical creatures combining body parts of more than one species. Because of the
outstanding property combinations, this class of composite materials holds signifi-
cant promise in a variety of fields. The polymer component can impart long-term

© Springer International Publishing Switzerland 2015 3
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colloidal stabilization, solubility, reduced protein adhesion, or an even dispersion.
By synergistic effects, completely new properties can also emerge.!>) Of the range
of different nanohybrid structures that can be designed, layered nanoparticles with
an inorganic core and a polymer shell are typical examples.[*1%!

Conversely, the performance of a polymer matrix, regarding process ability,
strength, stiffness, wear resistance, appearance, or simply the cost, can be greatly en-
hanced by capitalizing on the nature and properties of an embedded nanoparticulate
filler.'-2%) Thanks to their low-price, universality, ubiquity, and their non-toxicity,
nanosized silica particles are often used for this task. Natural archetypes for the
formed synthetic nanostructured materials with an interstitial organic phase are,
for example, bone and nacre.

With a view to potential sensor, actuation, drug-delivery, or catalytic applications,
polymers which react to external stimuli with a drastic change in their properties,
so-called “smart polymers”, are especially promising candidates for components of
multifunctional nanohybrids. By far the most prominent representative of this class
is poly(N-isopropylacrylamide) (pNIPAm). Its abrupt precipitation from aqueous
solutions can be triggered by temperature, additives, and pressure. It is, with this
regard, also regarded as a model system for the conformational behavior of proteins.

The precise control of the polymer characteristics is essential for the effective
design of nanohybrids with a defined structure.!?!) For many applications, it is also
mandatory to incorporate a functional group into the polymer chains, through
which they can be linked covalently to the inorganic substrate, rather than relying
on weak polymer physisorption. The synthesis of polymers, which fulfill these
conditions, from common industrial monomers has been enabled by the advent
of reversible-deactivated radical polymerization (RDRP) techniques in the late
nineties. This has meant a huge leap forward in polymer science. By the use of
special mediating agents, these techniques allow for the facile large-scale production
of macromolecules with defined molar masses and complex architectures. Suitable
anchor groups for the grafting of the polymer chains to a surface can be easily
introduced as part of the controlling molecules. Alternatively, it is also possible to
directly tether the mediating agent to the surface. Polymerizations in the presence
of surfaces functionalized in this way usually lead to higher grafting densities. Re-
versible addition-fragmentation chain transfer (RAFT) polymerization is arguably
the most versatile representative of RDRP techniques. It proceeds via a degenera-
tive chain-transfer mechanism which induces an equilibrium between propagating
macroradicals and dormant mediating agents carrying dithio moieties, for exam-
ple trithiocarbonate groups. In addition to the characteristics shared with other
important RDRP techniques, the RAFT process inherently possesses three unique
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features, which render it particularly promising for employment in the production
.[22,23]

of sophisticated nanohybrid materials:
o The RAFT agent can be immobilized on a solid substrate via its stabilizing Z-
group, leading to the peculiar mechanistic situation that in surface-confined
polymerizations, the polymer chains propagate unattached in the interstitial
solution phase. Hence, at the end of the polymerization, no irreversibly
terminated polymer chains are linked to the surface.**2°!

« The sulfur-containing mediating RAFT groups themselves are capable of
being anchored to gold surfaces. Therefore, after controlling the radical
polymerization, they can also fulfill a second purpose.®!

o Polymers carrying multiple RAFT groups along the backbone chain are syn-
thetically accessible with exceptional ease.?” The possibility to form several
links to gold can give rise to novel nanostructures.

The scientific goals of this work were to exploit these special features and the
versatility of the RAFT process for the production of new and advanced nanohybrids
containing inorganic particles. As the first step, synthetic pathways to the following
suitable components for nanocomposites were intended for exploration:

« Gold nanoparticles of different sizes, which can be easily functionalized with
RAFT agents or polymers, either via an accessible and reactive gold surface,
or via suitable functional groups on the decorating ligands.

o Specially designed RAFT agents carrying one or more suitable functional
anchor groups, with which they can be irreversibly immobilized on nano-
sized silica particles of different types or the produced functionalized gold
nanoparticles via their Z-group. (The direct coating of gold nanoparticles
with RAFT agents is impeded by the fact that all RAFT groups themselves
are susceptible to chemisorption on gold.)

o Polymers of N-isopropylacrylamide carrying single terminal trithiocarbonate
end groups or multiple trithiocarbonate groups evenly distributed along their
main chain. Samples varying molar masses and numbers of trithiocarbonate
groups were planned to be synthesized to enable comparative experiments.

In a modular way, these building blocks were intended to then be used to produce
organic-inorganic nanohybrids, either by carrying forward the principle of surface-
confined Z-RAFT polymerization, probing the suitability of the designed RAFT
agents on different substrates, or by direct assembly of the different types of polymers
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and gold nanocrystals. A special focus was planned for the production of surface-
bound polymer nanoloops, which are usually considered especially challenging to
generate.

Since the color of colloidal gold crystals depends on the interparticle spacings,*®)
it was envisaged that the combination with the smart pNIPAm would lead to a
material, in which the response to outer stimuli would go along with a change in the
color of the nanohybrids.[*! For the targeted sensor applications,>*!! the respon-
sive behavior of the pNIPAm component was intended to be analyzed individually
under high pressures. Because of the entailed experimental effort, this is an often
neglected aspect, which nevertheless does not make it any less important.

In the experiments of grafting polymers to gold nanocrystals, an especially in-
triguing question was which kind of structures result when polymers with multiple
trithiocarbonate anchor groups are employed.

To complete the studies, viable analysis methods to help answer this question
and characterize the produced nanohybrids were hoped to be found.
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1.2 Theoretical background

1.2.1 Polymers

Polymers consist of macromolecules, in which many self-repeating and covalently
linked subunits, called monomers, are incorporated. Natural biopolymers which are
produced by living organisms—polynucleotides, polypeptides, and polysaccharides
(sugars)—are the basis of life and constitute the majority of organic material on this
planet. Since the foundation of modern macromolecular science by the pioneering
works of Hermann Staudinger in the beginning of the 20'" century,*? artificially
created synthetic polymers have assumed an ever-increasing role for the modern
society and shape the appearance of our civilization. Steady worldwide research
has led to the emergence of tailored materials with a huge range of applications,
spanning domains such as packaging, clothing, infrastructure, paints, medical
equipment, electronics, sports and musical equipment, and the automotive, aircraft,
and space industries.**! The polymer properties are mainly directed by the choice
of monomer and their topology.**!

1.2.1.1 Radical polymerization

Radical polymerization is arguably the most widely used method for the production
of synthetic polymers, both in industry and academic laboratories.!*! A great variety
of vinyl monomers are amenable to this technique, including (meth-)acrylates,
styrenes, (meth-)acrylamides, butadiene, and vinyl acetate, and it is generally very
tolerant towards most functional groups and a wide range of reaction conditions.
Radical polymerization can be performed with very low experimental effort and
is therefore in most cases more efficient than other techniques. Since it belongs to
the group of chain-growth polymerizations, where unsaturated monomer molecules
add onto the active site (here the radical function) on a growing polymer chain
one at a time, high degrees of polymerization are even achieved at low monomer-
to-polymer conversions. (For the other principal polymerization technique, the
step-growth polymerization, where the monomer molecules first form dimers, which
then in turn couple to longer oligomers and eventually to polymers, the mechanism
demands a very high extent of reaction and stoichiometry to achieve high molecular
weights.)

Conventional radical polymerization Scheme 1.1 shows the five elementary
reactions of conventional radical polymerization. It is called “conventional” to
indicate that no other substances but the basic ingredients which are necessary for
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Scheme 1.1: Elementary reactions of conventional radical polymerization. | denotes an initiator
fragment, M a monomer molecule, R is a radical, P a polymer chain, and T a radical transfer
partner. The chain-lengths are indicated by the indices i and j. Hence, R; is a monomeric radical,
and R; j are macroradicals. The variables kq, ki, kp, kir, and k¢ denote the rate coefficients of
initiator dissociation, initiation, propagation, radical transfer, and termination.

the polymerization are contained in the system. In industry, most radical polyme-
rizations are performed in the conventional way. The first step of the mechanistic
scheme is the production of radicals. In most cases, this is achieved by the thermally,
chemically, photochemically, or redox-activated decay of initiator molecules. Radi-
cals can also be generated without designated initiator molecules by high-energy
radiation, plasma, or the self-initiation of certain monomers (e. g. styrene). The thus
produced radical then adds to a monomer molecule and starts the polymerization
(initiation). By addition of further monomer molecules to the active chain end, the
radical chain continues to grow (propagation) until the radical function is trans-
ferred to another species (monomer molecule, polymer chain, solvent, ...), which
can in turn continue or re-initiate the polymerization,” or the radical function is
terminated by combination or disproportionation with another radical.l*®!

Both transfer and termination reactions lead to the production of non-active,
so-called dead chains, which can no longer participate in the polymerization. The
life-time of active chains does not exceed the range of a few seconds and only a very
small fraction of polymer chains grow simultaneously.l*”) For these two reasons, the
molar mass and the chemical composition of the polymer material are very difficult

* Specifically added agents which form very stable radicals and can therefore bring the polymerization
to a stop are called inhibitors.
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to control and the resulting polymers therefore possess very broad molar-mass
distributions (P > 1.5, see section 1.2.1.2). Furthermore, it is often impossible to
incorporate functional groups into the polymer backbone or to produce complex
architectures, such as block-, star- or comb-polymers.

The advantages of conventional radical polymerization lie in its high tolerance
towards impurities like water, its high reaction rate and its cost efficiency.

Reversible-deactivated radical polymerization In1956, the term living poly-
merization'® was coined by Szwarc for polymerizations in which the growth of all
polymer chains starts simultaneously and neither transfer nor termination reactions
take place.l*>*! Since this leads to all chains having the same life-time, the resulting
molar-mass distribution is very narrow (see section 1.2.1.2) and the average molar
mass can be controlled by the stoichiometry of the system or the reaction time. After
completion of the polymerization, the active center remains at the macromolecular
chain ends and the reaction can be continued with additional monomer molecules.
In the case of a different type of monomer, the production of block copolymers is
possible.!*!]

Originally, Szwarc had referred this denomination only to anionic polymerization.
Over the following years, this concept of living polymerization could be successfully
expanded also to cationic,*? coordinative,*® ring-opening,'**) and group-transfer
polymerization.*!

Given the universality, ease, and efliciency of conventional radical polymeri-
zation, it goes without saying that it had been a covetable objective in polymer
chemistry to find ways of performing a radical polymerization which exhibits living
characteristics. But it was only in 1982 that this concept could at least in part be re-
alized, when so-called iniferters were intensively examined by Otsu.[*¢~48! Iniferters
are compounds which are able to simultaneously act as initiators and transfer and
terminating agents in a radical polymerization. Because of slow initiation, these
systems still lack control over the obtained average molecular weight as well as the
molar-mass distribution.

In the late nineties, polymerization techniques were finally established which
could truly combine the versatility of radical polymerization with the control
of living polymerization, which were then termed controlled (or “living”) radical
polymerizations.>>*) Nowadays, the term reversible-deactivated radical polymeri-
zation (RDRP) is recommended by the International Union of Pure and Applied
Chemistry (IUPAC)P%! and should therefore be used preferably.(*!! The control of
these techniques is in general based on one of two major principles which mecha-
nistically govern the polymerization by inducing a dynamic equilibrium between
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Fig. 1.1: Chemical structures of important types of RAFT agents. Z denotes the stabilizing group,
R the re-initiating leaving group. The ellipses express that a fraction of a larger molecule is shown.
Note that not all trithiocarbonates are symmetrical and have two leaving groups as shown in c.

dormant chains and propagating radicals: reversible termination or reversible chain
transfer.

The most important examples of polymerizations based on reversible termination
are the atom transfer radical polymerization (ATRP)1*>>2%! and the nitroxide medi-
ated radical polymerization (NMP).>7-6%! These systems require adapted initiators
(alkyl halides for ATRP, alkoxyamines for NMP). These initiators and the derived
dormant chains reversibly produce (macro)radicals by direct activation via either a
redox dissociation mechanism (ATRP, usually involving the use of a copper-based
transition-metal complex catalyst) or via thermal dissociation (NMP). Both the
radical concentration and the concentration of obtained living macromolecules
is therefore directly determined by the concentration of the respective initiator
(stoichiometric polymerization).

The most important examples for the second category—the reversible chain
transfer—are the reversible addition-fragmentation chain transfer (RAFT) polymeri-
zation'®~4 and the organotellurium-mediated radical polymerization (TERP)!%>~¢7]
These systems require the use of reversible chain-transfer agents along with the con-
tinuous production of radicals resulting from the dissociation of a classical radical
initiator introduced in low concentration with respect to the control agent. Here,
the chain transfer agent only determines the concentration of obtained living chains.
The dormant chains are activated by an exchange mechanism with the propagating
macroradicals. In the case of TERP, this exchange takes place directly; in the case of
RAFT, via an addition-fragmentation step. Since the latter occupies a central role
in this work, it is presented in more detail in a separate section.

RAFT polymerization The reversible addition-fragmentation chain transfer
(RAFT) process was first presented in the year 1998 by the Australian Common-
wealth Scientific and Industrial Research Organisation (CSIRO).1°3~7°! The contem-
poraneously presented Macromolecular Design via the Interchange of Xanthates
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Scheme 1.2: Elementary reactions in a RAFT polymerization. Z denotes the stabilizing group, R
the re-initiating group, | an initiator fragment, M a monomer molecule, and P a polymer chain.

(MADIX)""72 polymerisation proceeds with the same reaction mechanism, but
refers exclusively to xanthates (xanthic acid esters, see Figure 1.1b) as mediating
agents.

RAFT polymerization is arguably the most versatile RDRP technique: It can be
performed in almost all solvents, including aqueous solutions”>7#) and supercritical
fluids,”*! over a wide temperature”®””) and pressurel”®! range. The high tolerance
towards functional groups!”®-*"! enables all common monomers which are amenable
to radical polymerization (see Section 1.2.1.1) to be used for RAFT polymerizations
as well,[81-83] allowing for the synthesis of a wide variety of polymeric structures
with defined molar-mass distributions (see Section 1.2.1.2).12284-87]

As control agents®® in RAFT polymerizations, usually compounds of the group
of dithioesters,!’°%! including xanthates, trithiocarbonates, and dithiocarbamate
compounds,*>?! are employed. The generic chemical structure is shown in Fi-
gure L1a. In this figure, Z denotes the stabilizing group, and R the re-initiating group.
The active group between Z- and R- group in a RAFT agent is often termed the
RAFT group. All other components in a RAFT polymerization are identical to a
conventional radical polymerization system (see Section 1.2.1.1).
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In Scheme 1.2, all elementary reaction steps of the generally accepted mechanism
of RAFT polymerization are presented.!”>! As in the case of conventional radical
polymerization, the polymerization is started by the addition of a radical to a
monomer molecule (initiation). The radicals are shown here as derived from a
thermal initiator, but also other initiation methods are possible.[****! The growing
polymer chains quickly add to the reactive carbon-sulfur double bond of the RAFT
agent and a tertiary radical intermediate is formed (pre-equilibrium). The stability
of this intermediate radical is affected by the Z-group. Strongly stabilizing Z-groups
promote the formation of the tertiary radical and hence increase the reactivity of
the carbon-sulfur double bond.!®! This stabilization, however, must not be too
strong, since the formed radical must be able to easily decompose in the next step.
A typical stabilizing Z-group which is suitable for the controlled polymerization
of many different monomer types is the phenyl group.””*8! In principle, there
exist two possible decomposition pathways for the intermediate RAFT-centered
radical: Either the reverse reaction of the described addition takes place, which
simply regenerates the initial RAFT agent and the polymer radical, or the R-group
is split off and a macromolecular RAFT agent is obtained. The R-group can then
re-initiate the polymerization by addition to a monomer molecule and start another
growing polymer chain, which in turn adds to a RAFT agent or a macromolecular
RAFT agent. The R-group must therefore be a fast-fragmenting leaving group
with respect to the polymer chain, but the formed radical must also be reactive
enough to quickly re-initiate the polymerization. Therefore, both Z- and R-groups
must be rationally chosen in a RAFT agent to enable the polymerization of a given
monomer.”” The phase of the polymerization in which a rapid exchange of growing
polymer chains and those bound to a macromolecular RAFT agent takes place is
called main equilibrium. This exchange reaction leads to all polymer chains having
approximately the same probability to grow. The result is a narrow molar-mass
distribution.

At the end of the polymerization, a large majority of macromolecular chains
possess the RAFT (and Z-) group at one end and the R-group at the other end. 010!
The overarching consequence is that in a RAFT polymerization, the polymer is
evenly inserted into all RAFT agents between their RAFT and R-groups. This net
reaction is illustrated in Scheme 1.3 along with the underlying control mechanism
in the main equilibrium. The produced macro-RAFT agents can be employed in a
second radical polymerization to produce block copolymers.[102-10¢]

Assuming that all RAFT-agent molecules take part in the reaction and neglecting
the radical chains carrying fragments of the radical initiator,!'”1%! the theoretical



1.2 Theoretical background 13

RAFT SZS-@ 00© 5 §-CE0R0Escteso-Q
agent Z RAFT polymer
S $-€000 @5 S
E @0 s, 500 N \g
AF — =
@.c;:::).o z .m@o
Q0 RAFT main equilibrium ~Q0

Scheme 1.3: Net reaction of a RAFT polymerization: the polymer chain is inserted between the
RAFT group and the re-initiating group. Control over this reaction is provided by the RAFT main
equilibrium. Z denotes the stabilizing group, R the re-initiating group. See Scheme 1.2 for the
detailed elementary reactions.

number-weighted mean of the molar masses M, (eo Of polymers from a RAFT
polymerization can be predicted for any monomer conversion Xy via the equation:
— cm X My x Xy
Mn,theo =—+ MRAFT~ (11)
CRAFT
Here, ¢y and crapr are the concentrations of the monomer and the RAFT agent,
My and Mgapr are the respective molar masses. For polymerizations in bulk, the
product of the monomer’s concentration and molar mass approximately coincides
with its density Su:

M X MM N 8M. (12)
Insertion of (1.2) into (1.1) gives:
_— 8M X XM
Mn,theo N — + MRAFT- (13)
CRAFT

The trithiocarbonate group Trithiocarbonates (Figure 1.1c) are among the
most commonly used RAFT agents. They are relatively easy to synthesize and
very versatile—they control polymerizations with a variety of monomers.[®+10%!
Trithiocarbonates are unique RAFT agents in the sense that they are inherently
bifunctional, so that a polymer chain can be inserted on both sides of the functional
group when it is connected to two good leaving groups, and the trithiocarbonate
group will be found in the middle of the formed polymer chains. Triblock
copolymers can thus be prepared in just two polymerization steps.!!!112]
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Organic trithiocarbonates are typically synthesized by reaction of thiols with car-
bon disulfide in alkaline medium."'>11°) An alternative method is the reaction of tri-
thiocarbonate anions with alkyl halogenides"’~12%! or alkyl tosylates!'?!! in the pres-
ence of bases,'?212] phase-transfer catalysts,'?*1%°! or elevated temperatures. 2!
The trithiocarbonate anion for these reactions, which follow the mechanism of a
nucleophilic substitution, can be prepared in situ by treatment of carbon disulfide
with bases.['?”] In this work, most of the used RAFT agents are of trithiocarbonate

type.

1.2.1.2 Molar-mass distributions

The degrees of polymerization (and therefore also the molar masses) in polymer
materials are not identical for all macromolecules, but distributed over a certain
range. In order to describe this distribution of chain lengths, usually a distribution
function™ is given, by which the relative frequency of respective molecules can be
calculated for all chain lengths in the material. Because the molar mass can only
assume certain values, all these functions are discreet.

It is advisable to give any distribution function in normalized form, in order to
render it independent of the number of macromolecules, which means that the sum
over all function values M; must be equal to 1:

i M; =1. (1.4)
i=1

To transform any distribution function x(M) into the normalized form x(M), it has
to be divided by the sum of all possible function values, the normalization factor N:

x(M) =x(;\>/[), (1.5)
N = i M;. (1.6)

i=1

Distribution functions are often stated in terms of the degree of polymerization p,
rather than the molar mass M. The degree of polymerization is the proportionality
factor between the molar mass M of the complete polymer chain and the molar

*This should not be confused with the cumulative distribution function in statistics which describes the
probability that a random variable will be found at a value less than or equal to the corresponding
function variable. The term “distribution function” is strictly used in the sense of a probability mass
function in this work.
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mass of the monomeric unit My, so that a given distribution function can be easily
converted into a chain-length distribution function using the following equation:

M = px M. (17)

For a chain-growth polymerization, for which the assumptions can be made that
the number of growing chains remains constant, the addition of monomer molecules
does not depend on the chain length, and that the growth of all chains is stated at the
same time—this holds true for reversible-deactivated radical polymerizations—the
molar mass distribution of the produced macromolecules can be expressed by a
Poisson distribution.'?8] The (normalized) Poisson distribution N ‘E as a function of
the degree of polymerization p with an expectation value of v,, is

VPP X e_VP

P _
Ny ==

> p=L23,... (1.8)

Characterization of molar mass distributions Statistical quantitative key
measures of distribution functions are generally expressed as the moments of these
distributions. The v'* moment about the mean ™ py (or v? central moment) of an
integer-valued random variable i with the distribution function N; is defined as

k
"uy= > N x MY, veZ, (19)

i=1

k being the highest occurring value. The zeroth central moment "y of a normalized
distribution function is 1, otherwise it coincides with the normalization factor N
(see Equation (1.6)).

The quotient of the first and the zeroth moment of a molar mass distribution
equals the arithmetic mean of all molar masses M;, which are weighted by their
absolute frequencies 7;. This mean value is called number average M, of the molar
mass,

k
—  "up o 2 NiMi
M, = nﬁl e (110)
0
2 N;

1

It is accessible experimentally, for example, by osmometry.
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The mean value of all molar masses of a sample, which are weighted by the
corresponding mass m;, is the so-called mass average M,, of the molar mass,

™M=
3
=

M, =" (L11)

|t

mi

i=1

The absolute mass m; corresponds to the product of the number #n; of macro-
molecules and their molar mass M;:

m; = T’l,'Mi. (112)

Insertion of (1.12) in (1.11) shows that the mass average M,, is the quotient of the
second and the first moment of the number-weighted molar mass distribution:

k k
> M} Y NM;
Mw _ z: _ zzl (1.:9) ﬂ (113)

Y niM; Y N;M; H

i=1 i=1
In the case where all macromolecules possess the same mass, the number average
and the mass average of the molar mass distribution are identical. Otherwise, the
mass average is always higher:
M,, > M,. (1.14)

A method which gives access to the mass average is static light scattering.

An important indicator for the characterization of the width of molar mass
distributions is the dispersity D (formerly called polydispersity index, PDI). It is
defined as the quotient of mass average and number average of the molar mass
distribution:* o

(1.10) n
p= Mw s "2 . bl (115)
M, “,111
A narrow molar mass distribution possesses a low D, which is desirable for most
purposes.

—p
For the Poisson distribution, the mean value of the number distribution M,
coincides with its expectation value v,:

—pP
M, =v,. (116)

*Due to the proportionality of molar mass and degree of polymerization, the dispersity D can as well
be calculated by inserting distribution functions of the degree of polymerization here.
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The mass average MY of the Poisson distribution is

—p

M, =v,+1. 1.17)
The dispersity P of the Poisson distribution is therefore

MP (1.16) v +1 1
p* (115) My aan Vp 1+ — (1.18)
== = —= . .
N Yp Yp
With growing expectation value, the dispersity of the Poisson distribution decreases

and converges to the value of D = 1.

Size-exclusion chromatography The most important method for the de-
termination of molar mass distributions of polymers is size-exclusion chromatogra-
phyl1221301 (SEC), also termed gel-permeation chromatography!*321 (GPC) when
organic solvents are used. It is a form of liquid chromatography, performed as
column chromatography.

The stationary phase consists in a porous, swollen polymer network with a broad
distribution of pore sizes. The fractionation is based on the different hydrodynamic
volume V4, of the analytes, which can be calculated from the intrinsic viscosity [#]
and the molar mass M by

W =[] x M. (1.19)

Polymers dissolved in a solvent increase its viscosity. The reduced viscosity #req
expresses the contribution of the polymer to the total viscosity:
He — Ys

red = . (120)
Nred s

Here, ¢ is the polymer’s concentration, 7. the viscosity of a polymer solution with
the concentration ¢, and s the viscosity of the pure solvent. Extrapolation to very
low concentrations yields the intrinsic viscosity [#], which is also called Staudinger
index:

lim #req = [1): (1.21)

The higher the hydrodynamic volume of the analyte particle, the lower is its retention
time in the column.

SEC is a relative method and any instrument has therefore to be calibrated with
calibration samples having very narrow and known molar mass distributions.!'>*!
When no calibration data are available for a given substance, it is possible to use
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Fig. 1.2: Temporal development of the number of new publications on pNIPAm per year. The data
were obtained from WEB orF KNOWLEDGE running a search for the name of the polymer and all
common acronyms in the title or the keywords. The search was performed in November 2013.

a universal calibration, when the Mark-Houwink parameters are known.!**! The
results of SEC measurements are typically either given as mass-weighted molar-
mass distributions in logarithmic form W (log M), when a calibration could be
applied,!'*! or as the directly obtained chromatograms as a function of the retention
time.

1.2.2 Poly(N-isopropylacrylamide) (pNIPAm)

The central role for the presented work of poly(N-isopropylacrylamide) (pNIPAm)
and its special characteristic features in aqueous solution, namely thermoresponsive
properties (Section 1.2.2.1) and cononsolvency (Section 1.2.2.2), justify dedicating a
stand-alone theoretical section to this polymer.

PNIPAm is typically prepared from the respective monomer (see Figure 5.11) by
radical polymerization.!*®! The polymer is the topic of over 10000 publications,
mostly from polymer and materials science and chemistry, but also in great part
from other fields like physics, biology, medicine and pharmacology. The number
of publications per year is thereby steadily increasing. It already exceeded 1000 in
2012 and the increase does not seem to have peaked yet, as it can be seen in the
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Fig. 1.3: Exemplified schematic phase plot of a typical polymer binary solution phase behav-
ior featuring both a lower critical solution temperature (LCST) and an upper critical solution
temperature (UCST). The coexistence curve is also termed “binodal curve”

plot in Figure 1.2. In some of these studies, pPNIPAm was just used because of its
solubility in water and almost all polar organic solvents. Other studies cover practical
applications of pNIPAm, such as tissue engineering,*” electrophoresis,**! or
chromatography.!*! The majority of studies, however, deal with the very special
behavior of the polymer in aqueous solutions, which is contrary to most other
polymers and described in the following.

1.2.2.1 PNIPAm as a smart polymer

Solubility of polymers in general First of all, the effect of the temperature
on the solubility of polymers shall be discussed in general. Figure 1.3 shows a
schematic temperature-dependent phase diagram of a polymer binary solution
exhibiting two characteristic features: The system is miscible at all compositions
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at medium temperatures, but the polymer precipitates when the temperature is
raised or decreased. Two special points are marked in this diagram: The lowest
temperature at which the system is miscible for all possible compositions is called
upper critical solution temperature (UCST) and the highest temperature at which the
system is miscible independent of the composition is called lower critical solution
temperature (LCST)."*°) Describing these phenomena in thermodynamic terms, it
can be stated that for the components of a system to be miscible, the increment of
the free enthalpy (Gibbs energy) of mixing AGyix has to be negative:

AGmix = AHmix — TASmiX < 0. (122)

AHpix and ASyix are the increments of the enthalpy and entropy of mixing, T is
the absolute temperature.

In the case of a UCST, this expression becomes negative with increasing tem-
perature. That means that both the increments of the enthalpy and the entropy of
mixing necessarily have to be positive:

UCST: AHpix > 0, ASpix > 0. (1.23)

In the case of an LCST, the increments of the enthalpy and the entropy of mixing
both have to be negative:

LCST: AHpix < 0, ASpix <0. (1.24)
For completeness, also the two remaining possibilities shall be considered. If
AH i <0, and AS,ix > 0, (1.25)
the polymer is soluble at all temperatures, and if
AHpix >0, and ASpix < 0, (1.26)

the polymer is insoluble at all temperatures, obviously given that AHyix and ASpix
are themselves temperature-independent.

A UCST behavior is the standard behavior in organic solvents with undirected
intermolecular forces and clearly more common for polymer solutions than an
LCST behavior. In fact, the existence of an LCST is counterintuitive since it requires
a negative entropy of mixing, that is, the system becoming more “ordered” upon
mixing. The key of understanding here is the low orientation entropy!"™!l in the
solution. Highly ordered structures are formed by the solvent molecules around
the polymer chains, driven by their enthalpy of formation. When the polymer
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Scheme 1.4: Schematic illustration of the clouding of a polymer solution by the coil-to-globule
transition. The aggregation of the globules causes the solution to appear opaque.

precipitates endothermically, these aggregates collapse, accompanied by an increase
of the total entropy.!"*?! It goes without saying that this behavior is almost exclusively
observed for solutions with very polar solvents (usually water) which are able to
have specific (directed) interactions with the polymer, namely oriented hydrogen
bonds.

Of course, in principle most systems would show mixing and demixing at some
point, but in practice, with many systems one does not observe phase separation
upon cooling, because the solvent solidifies before it becomes sufficiently poor
to induce demixing. Analogously, the solvent often boils at atmospheric pressure
before the two-phase state is reached.

Coil-to-globule transition of pNIPAm It has been known since 1968!*3! that
aqueous solutions of pNIPAm exhibit an LCST at around 32 °C (atactic polymer
with M, > 10* gmol 1[4 at atmospheric pressure).!'*>4?! Below that temper-
ature, the polymer chains are in the hydrated state. Water molecules are asso-
ciated with the amide groups by hydrogen-bonding,*”! and additionally form
cage-like structures!"*®! around the hydrophobic isopropyl groups along the poly-
mer chain.**! Because the polymer cannot form hydrogen bonds with itself, the
dissolution is energetically favored. The solution appears completely transparent.
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When the cloud temperature® T is exceeded, the expanded polymer coils collapse
to shrunken globules in an endothermic coil-to-globule transition.!'">2! The segre-
gated polymer globules subsequently aggregate. This in turn renders the solution
turbid, due to the different refractive indices of the components, or potentially
even visible flocks and a two-phase system are formed. (The coil-to-globule tran-
sition itself does not change the visual appearance of the solution.) The clouding
of a pNIPAm solution above the cloud temperature is illustrated schematically in
Figure 1.4. The major driving force for the coil-to-globule transition is the dehy-
dration of the hydrophobic moieties.!'>*! In solution, there are around 8-15 water
molecules per monomer unit associated with the polymer chain.!**-15¢1 Above
the cloud temperature, this number drastically drops to almost zero—the polymer
becomes hydrophobic.

Strictly speaking, the LCST is only the critical temperature at the minimum of the
two-phase region for a certain polymer concentration, the temperature below which
the components of a mixture are miscible for all compositions. But in the case of
pNIPAm in water, the spinodal curve (see Figure 1.3) is very flat and increases only a
few degrees, when going from the minimum concentration at which the turbidity is
still observable up to very high concentrations.>”) (So flat, it is very hard to give an
exact composition corresponding to the LCST. It is around 5-10 % by weight.)14”!
Consequently, people often refer to the transition temperature at any composition
as the LCST. This is nevertheless a bad habit and should be avoided.

Due to the abruptness and reversibility of the thermoresponsive transition, pNI-
PAm is counted among the group of smart polymers,1>1%! also termed stimuli-
responsive,1°1%U intelligent, 13! or environmentally sensitive.'*”! These polymers
react to one or more external physical (temperature, pressure, radiation), chemi-
cal (pH value, signaling molecules) or biological (enzymes) stimuli with drastic
changes in their chemical and physical properties. Important features are that these
changes are drastic, discontinuous, and reversible. That means that the changes
occur abruptly at a certain point, but the material returns to its initial state upon
application of a counter-trigger. Aqueous pNIPAm solutions are arguably the most
prominent representative of the class of smart polymers and have been established
as the standard model system to study the coil-to-globule transition,'°>'°4) which is
of great importance for biology because of the presence of coil-globule transitions of
proteins, nucleic acids and other biopolymers.!®®! These natural macromolecules are
stable in solution over a wide range of stimuli, but react at a certain point with drastic
conformational alteration and concomitant changes of their properties.['°®! Another

*This term is preferred over “transition temperature” because it refers to the observable phenomenon
of the clouding of the solution, which is generally taken as optical indicator for the determination of
this temperature.[5"]
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thermoresponsive polymer is for instance poly(N-vinylcaprolactam).!*”! Exam-
ples of pH-responsive polymers are poly(2-(diethylamino)ethyl methacrylate)¢®!

and poly(2-(dimethylamino)ethyl acrylate) (p)DMAEA).!'**! The reactions of smart
polymers to their external stimuli can be fine-tuned by factors such as the con-
centration, the chain-length distribution, the topology, or additives. For pNIPAM,
most additives to the aqueous solution lower the cloud temperature.[7°-173! For
inorganic salts, the lowering effect can be correlated with the Hofmeister series,!”*!

in which the ions were originally sorted according to their strength in precipitating
(“salting out”) proteins from aqueous solutions.!””>!7¢! By the synthesis of block
copolymers, the desirable properties of two different types of polymers can often be

combined.!'””]

PNIPAm can be crosslinked to form a hydrogel. Typical crosslinkers are N,N’-
methylene-bis-acrylamide and N,N’-cystamine-bis-acrylamide.”®17) Here, heat-
ing and cooling lead to the reversible collapsing or swelling of the hydrogels.!'””!
The transition still occurs at a temperature approximately identical to the cloud
temperature of isolated chains—coined the “volume phase transition temperature”
for hydrogels. That means that most results obtained for isolated chains can be
applied correspondingly to crosslinked pNTPAm.!'8%! These hydrogels show great
potential for applications in medicine,*®! in particular for drug delivery!!®-183] in
biomedical engineering because the transition occurs just below the human body
temperature and accompanied by an expulsion of any absorbed therapeutics.[1°%16!

1.2.2.2 Cononsolvency

The second very particular feature of aqueous pNIPAm solutions is the very rare
phenomenon of cononsolvency, which shall be explained in the following. The term
derives from the clearly more common phenomenon of cosolvency!!®4%°! (also
called mixed or true cosolvency) which was found and coined independently by
Wolf and Molinari!'®® (1973) and Cowie and McEwen!'®”! (1974) for the ternary
system polystyrene in acetone and diethyl ether. Another example is the system of
poly(methyl methacrylate) (pMMA) in water and methanol. The IUPAC gives the
following definition for cosolvency of polymers* in the “TUPAC Gold Book”:[1%8!

Co-solvency (in polymers):
The dissolution of a polymer in a solvent comprising more than one

*It should be noted that the definition is different in pharmaceutics, where the word cosolvent is used
for a solvent which also dissolves the drug in pure form. Also, cosolvency is just the special case
for mixtures of one solid and two liquid substances. A more general term would be co-miscibility,
although that term is very uncommon.
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component, each component of which by itself is a non-solvent for the
polymer.*

Cononsolvency is simply the contrary phenomenon—the formation of a nonsol-
vent for a polymer by mixing two solvents.!'8]

For pNIPAm, it was first reported for by Winnik, Ringsdorf, and Venzmer1*?! in
a communication in 1990 (although the equivalent effect for pNIPAm hydrogels
was already known by then).!8%192192] In reading an article by Schild and Tirell!*)
on the measurement of the cloud temperature of pNIPAm with calorimetry and
they stumbled over a sentence in the experimental section where the precipitation
of the polymer from the aqueous polymerization solution was mentioned:

Precipitation was carried out by dropwise addition of the polymeriza-
tion mixture to 800 mL of methanol.

It surprised them that the precipitation of pNIPAm was performed by its addition to
the even better solvent methanol, which probably goes against the natural intuition
of any synthetic chemist. (In terms of solubility in mixtures of water and methanol,
pNIPAm is just the opposite to the above-mentioned pMMA..) After reproduction
of the experiment with different mole fractions of methanol, they published the
aforementioned communication and were thus even faster with their publication
than the authors of the paper they had originally read, who published the same
results, albeit with more detailed experiments, shortly after.[!**!

In the following years, this anomaly was analyzed in further detail by different
scientists in over 100 publications, varying lots of different factors.1*>1°¢! It was
found for example that, unlike for the cloud temperature of pure aqueous pNIPAm
solutions, the cononsolvency area does depend very strongly on the polymer’s molar
masses.'””! This is important to note since before the advent of RDRP (see Sec-
tion 1.2.1.1), only samples with very ill-defined molar masses from conventional
radical polymerization were accessible for research, so that only quite inaccurate
results were achievable which could not be easily aligned with theoretical expecta-
tions.

The miscibility gap in the system with methanol as cononsolvent is treated in the
majority of studies,!'**2%%) but also several other common organic solvents act as
cononsolvents for aqueous solutions of pNIPAm, including other alcohols, 20!
dimethyl sulfoxide (DMSO),2°?! N,N-dimethylformamide (DMF),12%*! dioxane2*4!
tetrahydrofuran (THF),[2%] acetone, and others.[2°Y In some of these cases, the
LCST behavior can be retained over the whole composition range, as for methanol or

*The spelling is retained in the quote, although it differs from the (more commonly used) spelling in
this work.
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acetone as cononsolvents. In contrast, the phase-separation curve in a temperature-
mole fraction phase diagram can also be flipped for higher mole fractions of the
organic cononsolvent, such that heating of the mixture leads to the solution clear-
ing up (UCST behavior). Examples for this behavior are DMSO or ethanol as
cononsolvents.[?°°! As for the temperature-induced clouding described above, the
results regarding cononsolvency of linear pNIPAm chains directly apply to the
crosslinked polymer as well.[?”! The hydrogels shrink upon addition of a cononsol-
vent and expel the absorbed molecules.

Possible explanations for the cononsolvency of these systems are still vigorously
discussed in the scientific community. In essence, it is categorically disputed whether
this intriguing anomaly can be mainly traced to polymer-solvent or to solvent-
solvent interactions. Both models, which are mutually incompatible, have strengths
and weaknesses in explaining and predicting the behavior:

Polymer-solvent interactions: According to this first theory, the cononsolvent
competes with the water for the hydrogen-bond positions,?°! preferentially
binds to the polymer,[1°>20%21) and replaces the associated water molecules.
In these aggregates, the hydrophobic part of the cononsolvents points towards
the solution, making the polymer hydrophobic overall and therefore insoluble
until the solvent mixture becomes hydrophobic enough to enable solvency by
nonspecific interactions after further addition of the cononsolvent.?'!! This
explanation seems most reasonable for cononsolvents like alcohols, which
are able to actively form hydrogen-bonds and possess a hydrophobic tail.
In fact, this model of competitive hydrogen bonding refers in most cases
to the system pNIPAm/water/methanol.'>*! Here, it is supported by several
theoretical calculations.!?7:212213]

Solvent-solvent interactions: According to the second model of solvent-sol-
vent interactions, energetically favorable complexation forms network or
cluster structures!?'*?"*! in the liquid mixture.''*" For the system pNIPAm/wa-
ter/methanol, it is for example speculated that water pentamers are formed
with methanol by hydrogen bonding,'®! but most of the formed struc-
tures have only been predicted theoretically, since they are very hard to
detect experimentally with currently used methods.?'*2'7! These structures
are then assumed to be poorer solvents for the polymer than the two pure
solvents.[216:218-2200 py¢ simply, there are just less water molecules available to
hydrate the polymer.2°¢! This model is very well compatible with the finding
that the solvency increases again when ions are added which are known to
destroy the postulated solvent-solvent complexes.['’®) On the other hand, it
also displays some shortcomings, as it fails for example to explain findings
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like the high influence of the polymer’s molecular weight on the expansion
of the miscibility gap found for methanol as cononsolvent.!'””) According to
this model, the solubility of polymer chains should be rather independent of
their lengths.

Models involving ternary complexation interactions with structures formed
by both solvents and the polymer!!8*1°1192] can be excluded since the transition
also occurs in extremely diluted polymer solutions at the same mole fraction of
cononsolvent.*>1* Also, concentration fluctuations can be neglected as reason
for cononsolvency, since, as a good approximation, most solvent mixtures can be
considered as homogeneous. They can only play a major role for solvent pairs with
bad miscibility.?2! Tt is, of course, possible that different mechanisms or combined
mechanisms are responsible for the cononsolvency of different systems.

Aqueous solutions of pNIPAm are by far the best known and most studied system
regarding cononsolvency. Together with the coil-to-globule transition, this makes
them the number one model system for two different phenomena and underlines
again the great importance of this polymer in modern research.!®!

Only very few other systems that exhibit cononsolvency behavior are known.
Most of the examined systems comprise copolymers of NIPAm and other monomers
with a very high content of pNTPAm,?2? but there are also a few other examples:

« poly(N-isopropylmethacrylamide) in water and ethanol,??!

« poly(2-methacryloxyethyl phosphorylcholine) in water and ethanol!?**) or
2-propanol, 22!

« poly(vinyl alcohol)?2%2?7) and poly(N,N-diethylacrylamide) in water and
DMSO!?! or methanol, 28!
« poly(N,N-dimethylacrylamide) in water and organic solvents,22"!

« poly(vinyl methyl ether) in water and alcohols'?**! or THE,?3!

« poly(vinylpyrrolidone) in water and methanol,!?*?!

« poly(oligo(ethylene glycol)-phenyl ether acrylate) in water and ethanol,?**!

« cellulose acetate in acetic acid and aniline,'*"]

« polystyrene in DMF and cyclohexane,'®”!

o poly(ether imide) in N-methyl-2-pyrrolidinone and methylene chloride?*
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« poly(methyl methacrylate) in chlorobutane?**!

dine and formic acid,[?3%!

and amyl acetate and in pyri-

« poly(y-caprolactone) in pyridine and formic acid.?*¢!

Many of these systems, especially the latter non water-soluble polymers, exhibit
only a UCST-style cononsolvency behavior that is totally different from the LCST-
cononsolvency behavior of pNIPAm.[20422%! Often, the type of behavior is not
even discussed or examined. Moreover, the solution does not necessarily become
turbid at the structural transition of the polymer.[?*?] Again, this highlights the
particularity of pNIPAm in polymer science.

1.2.3 Nanosciences

Nanosciences is the generic term for any aspect of science in which objects with
features on the multi-nanometer length scale are synthesized or studied. When
speaking about the macroscopic properties of such substances, people often refer
to them as nanomaterials. A more functionality-based definition of nanomaterials,
which is dependent on the type of the respective substance, is that their properties
scale with the size of their components. Nanoparticles, the fragments of nanomateri-
als, are tiny in comparison to our macroscopic world, but gigantic with respect to the
atoms and molecules which are at the center of traditional chemistry. Consequently,
in their properties, they are fundamentally distinct and unique, giving rise to a wide
range of potential applications (also see the Introduction, Section 1.1).

It should also be mentioned at this point that, as is arguably the case for any emerg-
ing technology, nanosciences raise many concerns in parts of our society, ranging
from worries about the environmental impact and the toxicity of nanomateri-
als!?¥-241 through to apocalyptic doomsday scenarios, such as the fear of an
earth-consuming “gray goo”, composed of self-replicating nanorobots gone out of
control.l'! On the other hand, people have in principle been unknowingly using
nanotechnology since ancient times. A good example (other than the gold-stained
glass objects in Figure 1.4) was recently presented by Reibold et al.**?! (2006). They
were able to show that the mythical quality of blades made of “Damascus steel”,
produced in ancient India using high-carbon steel and first encountered by the
crusaders when fighting against Muslims, can—at least in part—be traced to incor-
porated carbon nanotubes and cementite nanowires, which had formed within the
historical, but today no longer replicable, production process.
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1.2.3.1 General strategies for the synthesis of nanomaterials

Very broadly, there are two general approaches to reach the nanoscale: the bottom-
up and the top-down approach.**3! The terms synthesizing-up and engineering-down
are also in use within this context. Not only are the latter terms more figurative, they
are also more specific because they exclusively refer to nanosciences. Engineering
down to the nanoscale involves using the same methods which an engineer or
artisan performs on the macroscopic scale, but using the latest in modern special-
ized techniques in order to miniaturize. A typical example is the production of
electronic components with ever-decreasing sizes by lithographic etching of silicon
semiconductors. Modern microchips can be made so compact that several billion
transistors fit on an area as small as 1cm?. The width of each conducting line in
these integrated circuits has already dropped below 100 nm. The fabrication of mi-
crochips has therefore reached the domain of nanotechnology by going smaller and
smaller, following an engineering-down strategy. In contrast, the synthesizing-up
approach is modeled on biology, where nanostructures are typically reached by
self-assembly of yet smaller building units. Following this approach, these building
units are generally sought to be synthesized by chemical reactions, often starting
from very small molecules or even individual atoms or atomic ions. To stick with
the example of modern computing, the first reports of molecular computing based
on supramolecular species have already begun to appear.24*!

Applying the above definitions, all synthesis strategies of nanostructures followed
in this thesis can strictly be allocated to the field of bottom-up synthesis.

1.2.3.2 Gold nanoparticles

Gold nanoparticles (AuNPs)!**°-%11 is the generic but vague umbrella term for a
variety of nanosized gold objects with greatly differing chemical and physical prop-
erties, such as color, bonding and aggregation characteristics, electronic structure,
stability, dispersability, and interactions with biological systems. Most importantly,
these properties depend on their size. In this regard, AuNPs can be roughly classi-
fied into gold nanoclusters and gold nanocrystals.*>>*>3 The terms reflect the fact
that the AuNP structure becomes crystalline when the diameter exceeds a value
of approximately 2 nm. The characteristic properties of the two types of nanosized
gold particles are confronted in Table 1.1. Put simply, gold nanoclusters behave more
like large molecules and gold nanocrystals are more comparable to tiny gold lumps.

While Michael Faraday!?*¥! (1857) is generally regarded as the inventor of AuNP
synthesis,?>! colloidal gold has been used since ancient times as a means for staining
glass (see next section). In Figure 1.4, three photographs of historical gold-stained
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Tab. 1.1: Comparison of typical characteristic properties of gold nanoclusters and gold nanocrys-
tals.

characteristic gold nanoclusters gold nanocrystals
diameter <2nm 2.5-100 nm
number of atoms  10-100, preferentially > 200

. »
magic numbers

structure molecular-like metallic nature
(face-centered cubic)

optical spectrum  discrete electronic broad localized plasmon
transitions, “fingerprint” resonance absorption peak

resulting color brown, yellow red to blue (if spherical)

shapes defined, polyhedral many different shapes:

spheres, rods,?*)

cubes, [246] plates, cages,[247]
rosettes,[“g] e

glass objects are shown. Photograph (a) shows the Lycurgus cup, a 4™ century Ro-
man chalice made of dichroic* glass impregnated with gold and silver nanoparticles
(approximately 70 nm),?>®! today on display at the British Museum, London, UK.
When the Lycurgus cup is viewed under normal lighting conditions, it appears
green, but when light is shone through the glass, only the characteristic crimson
color is let through. The photograph is taken in a way that both colors can be
seen at the same time. Photograph (b) in Figure 1.4 shows a stained glass window
from the 14'" or the 15 century in the Basilica di Santa Maria del Fiore, Florence,
Italy. In photograph (c), a gold ruby cup from the treasury chamber of the Wittels-
bacher (Munich Residenz) can be seen. It is attributed to the German chemist and
apothecary Johannes Kunckel.

On a side note, Chen et al.**”! (2008) have found very recently that gold-stained
glass is not only pleasant to look at, but actually environmentally beneficial as well,
because the enhanced magnetic field around the embedded nanoparticles’ surface,
which is enhanced by the irradiation with light (see next section) greatly accelerates

* A dichroic material causes visible light to be split up into two distinct beams of different wavelengths.
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1

(a) the Lycurgus cup (b) stained (c) Wittelsbach
church window gold ruby glass cup

Fig. 1.4: Photographs of historic glass objects stained with colloidal gold; photo (a) by “Sailko”,
photo (b) by “JoJan”, photo (c) by “Schtone”, Wikimedia Commons under CC BY-SA 3.0.

the decomposition reaction of volatile organic pollutant compounds in the air even
at ambient temperatures, therefore effectively leading to a cleansing of the air.

AuNPs are usually protected by an outer ligand layer. The typical link between the
particle and the organic ligand molecules is the gold-thiolate bond.[2°*2¢!l Thanks
to the higher stability of gold nanoclusters with certain “magic numbers” of gold
atoms, Jadzinsky et al.2%81 (2007) and Zhu et al.*>°1 (2008) managed to obtain gold
nanoclusters in pure form, crystallize them, and determine the crystal structures by
X-ray diffraction. These two structures are depicted in Figure 1.5, because they give
a clear image of the type of the bond to the thiols: The sulfur atoms equally bind to
two gold atoms and the ligands do not stand perpendicular on the surface. In the
structure shown in Figure 1.5b (Au,s SR, with SR = phenylethanethiol), the 25 gold
atoms are arranged in the following way: A central gold atom is surrounded by 12
other core gold atoms without bonds to a ligand. They constitute the vertices of an
icosahedron, whose edges are colored in blue for visualization purposes. 12 of the 20
faces are capped centrally by a peripheral gold atom (12 + 12 +1 = 25). All peripheral
gold atoms are bonded to 2 thiolate molecules, the gold atoms constituting the blue
icosahedron only to one thiolate molecule (1/2 x [2 x 12 +1 x 12] = 18). Although
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(a) Au,SR,, 28] (b) AugsSR512>%)

Fig. 1.5: The first two obtained crystal structures of thiolate-protected gold nanoclusters. a)
SR = para-mercaptobenzoic acid, b) SR = phenylethanethiol. These illustrations were created
with the software MERCURY 3.1.1 by the CAMBRIDGE CRYSTALLOGRAPHIC DATA CENTRE using the
crystallographic data provided by the authors of the referenced publications. Hydrogen atoms are
omitted for clarity.

the gold-sulfur bonding mode might not be absolutely identical on the surface of
larger gold nanocrystals, the structures shown here give a basic visual idea.
Although the gold-thiolate link is generally regarded as the most stable bond with
gold surfaces, the bonding strength is still so low that it is known to be reversibly
cleaved at temperatures over 60-80 °C.[262:263] Even at room temperature in organic
solvents without an excess of thiols, the half-life of the bond is only about one

day.264]

Optical properties of gold nanoparticles The optical properties of AuNPs
are a very important feature, since (i) optical spectroscopy is a powerful and con-
venient AuNP analysis method and (ii) most of the major AuNP applications are
based on these special properties. Because the optical properties are directly related
to the AuNP structure, gold nanoclusters and gold nanoparticles have different
optical features. Both form very intensely colored colloidal solutions.

Gold nanoclusters exhibit molecular-like discrete electronic properties with
single-electron transitions between quantized energy states at distinct wavelengths,
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Fig. 1.6: Schematic illustration of the interaction of incident light with the confined conduction
electrons of metal nanoparticles.

reminiscent of semiconductor quantum dots, at the lower end of the visible range.2¢°!
The colloidal solutions are, depending on the gold concentration, dark brown or yel-
low. The photographs in Figure 1.7a show a colloidal solution of gold nanoclusters in
methanol, which has been gradually diluted. In the case that only gold nanoclusters
of a single size are present in the sol, distinct transition peaks can be seen in the
optical spectrum.2°®) Mostly, the nanoparticle sizes are distributed over a certain
range and the signals overlap (see Figure 5.8 for an exemplary spectrum).

The optical excitations of crystalline AuNPs, on the contrary, are of a collective
nature. The incident light excites the oscillation of conduction electrons against
the restoring force of the positive gold nuclei,?¢72%%! as illustrated schematically
in Figure 1.6 for a metal nanosphere with the diameter d. E is the electric field
strength, A is the wavelength of the absorbed light. The effect is called localized
surface plasmon resonance. (A plasmon is the quasiparticle corresponding to the
quantized plasma oscillations.) The dependence on the wavelength of the incoming
light is relatively weak, so that the plasmon resonance signal is relatively broad.
In the case of gold nanospheres, it occurs at around 520 nm (see Figure 5.8 for an
exemplary spectrum)—the colloidal solutions are vividly red. The photographs in
Figure 1.7b show a colloidal solution of commercial gold nanospheres in methanol
with increasing dilution.

The position and shape of the plasmon resonance peak is affected by the following
factors:
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(b) gold nanocrystals

Fig. 1.7: Photographs of gold nanosphere sols in methanol. The upper row shows gold nanoclus-
ters (sample PSvOH_6 , see Section 5.1.3.2), the lower row shows gold nanocrystals (acquired
commercially from ALDRICH). The concentrations are equal for photographs in the same column.
From left to right they are: 1.1gmL™, 0.37gmL™!, 0.12gmL ™}, 4lmgL™!, 14 mgL~!, 4.6 mg L™},
1.5mgL7!, and 0.76 mg L',

Particle shape: Non-spherical gold nanocrystals form colloidal solutions of com-
pletely different colors. Gold nanorods, for instance, exhibit two plasmon
resonance peaks—a lateral and a transversal signal.2>27% The following
points refer mainly to spherical particles, as studied in this work.

Particle size: Larger particle sizes lead to a more pronounced plasmon resonance
signal.?”! Up to a diameter of approximately 25 nm, the absorption band
becomes narrower, after which it widens up again. The peak maximum is
also shifted to longer wavelengths.[?”?) Hence, a more heterogeneous size
distribution is reflected in a broader plasmon absorption peak.!?”*!

Refractive index of the surrounding medium: A high refractive index (or
relative permittivity) of the solvent also shifts the peak to longer wave-
lengths. (267:268.274]

Type of the ligands: In addition to the ligands effect on the refractive index
around the AuNP, electron-withdrawing ligands lead to a similar effect as a
smaller particle size.
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Scheme 1.5: General synthesis strategies for the production of covalently bound polymer brushes
using radical polymerization. The grafting-from approach is shown for the special case of RAFT
polymerization. Z denotes the stabilizing group, R the re-initiating group in RAFT polymerization.

Temperature: A higher temperature leads to a slightly less pronounced plasmon
signal.[273:275]

Mutual approaching: The plasmon modes are very sensitive to the interparticle
distances. Mutual approaching to distances in the dimension of the resonance
wavelength gives rise to additional resonances!?’®! at longer wavelengths—the
effect of “plasmon coupling”.?’7-?7?! The dispersion turns blue.

Applications of AuNPs Thanks to the dependence of the plasmon resonance
signal on the interparticle distances, AuNPs hold great potential for (bio)sensing
applications.280-284]

Their manyfold medical applications include the diagnosis of diseases,
photothermal anti-cancer therapy,?®®2%] drug and gene delivery,!>**! and the use
as labels in electron microscopy “immunogold staining”**" or contrast agents for
computed tomography.?*?! Some of these applications can be enabled by coating
the AuNPs with polymers, in order to make them resistant to protein adsorption!?*!
and mask them from the body’s reticuloendothelial system.2**!

Other applications of AuNPs are catalysis,!?*>-2°") surface-enhanced Raman
scattering,*°*3%! staining,[3?! and their employment as compatibilizers in polymer
blends.[3%!

AuNPs are already widely used in industrial consumer products, such as cosme-
tics, food packaging, lubricants, beverages, automobiles, and toothpaste.!30430%!

[285,286] [287]
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1.2.4 Polymers on surfaces

A classic polymer coating—a traditional varnish—is applied on surfaces from solu-
tion in a quickly evaporating solvent or from a polymer melt. The varnish can be
hardened by—typically UV-radiation induced—crosslinking. However, in all these
conventional films, the polymer chains are only physisorbed, weakly attached by
van-der-Waals forces, and lying flat on the surface. Only certain, hard, polymers
can be used for such coatings. Furthermore, the polymer film is very thick, up to
millimeters, which makes it impossible to reach the nanoscale with this approach.

In polymer brushes,*©-3%8] the macromolecular chains are linked to the surface
through covalent bonds, formed by incorporated functional anchor groups.3%%’
The thickness of these brushes coincides with the length of the polymer chains
and can therefore be fine-tuned with almost nanometer precision, enabling very
fine surface patterning™®'®! and the coating of nanoparticles for the production
of sophisticated nanohybrids. The coating of surfaces by polymer brushes with
special properties can equip them with hydrophobicity,*!! protein repellence, 32313}
and antibacterial properties.*'* Also, parameters like roughness, biocompatibi-
lity, toughness, electrical conductivity, pH-compatibility, or heat resistivity can be
specifically adjusted.!265:315-321

Modern RDRP techniques (see Section 1.2.1.1) render it possible to employ radical
polymerization for the production of covalently bound polymer brushes on surfaces.
The three general synthesis strategies therefore are shown in Scheme 1.5:

Grafting-to: Preformed polymer chains with an incorporated functional group
are grafted to the surface.*”?) Such polymers can also be obtained from
conventional radical polymerization using a radical initiator carrying the
functionality.®**) Depending on the type of surface, it can be necessary to
prefunctionalize it with complementary groups. Because of the steric hin-
drance entailed within the grafting-to strategy, it is difficult to achieve high
grafting densities.>**!

Grafting-through: Molecules carrying unsaturated units are immobilized on
the surfacel®*>32¢! and then built into the polymer chains propagating in
solution.*?”] This is by far the least used strategy of the three and does not
necessarily rely on RDRP techniques either.

Grafting-from: The surface is first functionalized with a radical initiator!3#32°! or
an RDRP control agent,**-332] 5o that the growing radical chains are directly
bound to the surface at one end.***334] Here, a high extent of termination
events can only be prevented when a mediating agent, rather than a radical
initiator, is immobilized on the surface.
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A typical group for anchoring molecules onto surfaces with hydroxyl groups
(silica, quartz, aluminosilicates) is the trimethoxysilyl group.**!

1.2.4.1 RAFT polymerization from surfaces

Regarding the grafting-to approach to gold surfaces, a special feature of RAFT
polymerization is that the active RAFT groups themselves are highly susceptible to
chemisorption.233¢! The RAFT group can therefore fulfill a second function after
completion of the polymerization.

The grafting-from approach, in the case of RAFT polymerization, can be further
subdivided into three fundamental strategies (see Scheme 1.5):

Bound initiator: This was historically the first performed approach. Only the rad-
ical initiator is tethered to the surface.**’~33°! Although the RAFT agent in so-
lution induces some control over the polymerization, in terms of control, this
approach is clearly inferior to the other two. Note that the initiator-terminated
polymer chains are usually neglected in an ideal RAFT polymerization (see
Section 1.2.1.1).

Z-approach: The Z-approach is a unique feature of RAFT polymerization. Hereby,
the RAFT agent is covalently bound to the surface with its stabilizing Z-
group.!?#?°! The radical chains propagate unattached in solution and re-
turn to the surface.” With this approach, only living polymer will even-
tually reside on the surface—an ideal condition for the production of block
copolymers, 340341

R-approach: The RAFT agent is covalently bound to the surface via a link at its
R-group.**2-3#4! The polymer chains then grow from the surface and the
RAFT end group is interchanged between the chains and remains accessible
in the periphery.>*! Since even irreversibly terminated polymer chains will
remain on the surface, a maximum grafting density can be achieved.

Even for the R- and the Z-approach, a so-called “sacrificial” RAFT agent is often
added to the solution, in order to enhance the overall control.[346:347]

Scheme 1.6 gives an overview of the different methods of control that can be
utilized in surface-confined RAFT polymerizations according to the grafting-from
approach:

*Because of these characteristics, the Z-approach could also be regarded as a grafting-to technique.



1.2 Theoretical background 37

short time
b) control of film thickness

Z-approach R-approach homopolymers | block copolymers
c) loops through double anchoring d) block copolymers

Scheme 1.6: Ways of control in grafting-from surface polymerizations. Z denotes the stabilizing
group, R the re-initiating group in RAFT polymerization.

Scheme 1.6a: The grafting density of the polymer can be adjusted prior to the
polymerization by immobilizing the RAFT agents in the desired concentra-
tion. In the case of high grafting densities, a polymer brush is formed.>4¢!
When the grafting density is lower, the polymer chains assume mushroom-
like shapes.

Scheme 1.6b: The thickness of the polymer film increases linearly with the
monomer conversion and can thus be specifically tuned.

Scheme 1.6¢: Polymer loops can be created by anchoring both ends of a RAFT
agent to the surface.?*-35U This can be done for the Z- (left) or the R-
approach (right). Both halves of the RAFT agent remain connected to the
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surface throughout the course of the polymerization. Due to steric hindrance,
polymer loops cannot be produced with the grafting-to strategy.

Scheme 1.6d: Block copolymers on the surface can be formed via a sequential
radical polymerization with another monomer.**?! If the order of monomer
addition is dictated by their reactivity, both sequences are still accessible by
using either the Z- or the R-approach.
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Part 11

Experimental

In this part, all experiments are described in a detailed way that allows for their
reproduction. It is divided into the instrumental Chapter 2 and the Chapter 3
“Substances”, where mainly the experimental protocols and spectroscopic and poly-
merization data are given. Readers who are mainly interested in the results and the
discussion can safely jump directly to Part III and only refer to the following two
chapters as a reference for experimental details.



Chapter 2

Instrumentation

2.1 Centrifugation

For centrifugation, either a Sicma 2-16KC or a Sima 2-16PK centrifuge was used.
Both instruments were equipped with a SiGma 12151 angle rotor for 6 tubes and
could be cooled to specified temperatures. Centrifugation was performed at the
indicated temperatures in 50 mL or 15 mL polypropylene centrifuge tubes. The rota-
tion frequency was 9 000 revolutions per minute corresponding to an accelerating
force of 8603 g.

2.2 Chromatography

2.2.1 Column chromatography

Column chromatography was performed using silica gel 60 (70-230 mesh, 60 A,
ALDRICH or MERCK).

2.2.2 Size-exclusion chromatography (SEC)

All samples were filtered through a 25 mm VWR syringe filter containing a 0.45 um
porous polytetrafluoroethylene membrane prior to injection.

2.2.2.1 SEC with dimethylacetamide

SEC characterization with N,N-dimethylacetamide (DMAc) containing 0.1% (by
mass) of lithium bromide as the eluent was performed using an AGILENT 1260
INFINITY system. It was composed of an autosampler, an isocratic solvent pump,
a PSS GRAM (polyester copolymer network) precolumn (8 x 50 mm), three PSS
GRAM separation columns (8 x 300 mm, nominal particle size = 10 wm; pore sizes =
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30 A,10° A, and 10° A) maintained at 45 °C in a column compartment, an 80 Hz UV
detector (set to a wavelength of 310 nm for the RAFT polymers and to 520 nm for the
polymer-functionalized AuNPs), and a refractive index (RI) detector. The flow rate
of the mobile phase was 8 x 10~* L min™". The whole setup was calibrated with a total
of 12 PSS poly(methyl methacrylate) standards (M, = 0.8-1820kgmol™) of low
dispersity with toluene as the internal standard. The concentration of the polymer
samples was 4.5gL ™! and the gold concentration of the polymer-functionalized
AuNPs was approximately 1g L™! (based on the attenuation at 520 nm).

2.2.2.2 SEC with tetrahydrofuran

SEC characterizations with THF as eluent were performed using another AGi-
LENT 1260 INFINITY system. This one consisted of an autosampler, an isocratic
HPLC pump, a PSS SDV (styrene-divinylbenzene copolymer-network) precolumn
(8 x 50 mm), three PSS SDV separation columns (8 x 300 mm, particle size = 10 um,
pore sizes = 10° A, 10° A, and 10> A), maintained at 35°C in a column compartment,
an 80 Hz UV detector (set to a wavelength of 310 nm) and an RI detector. The
flow rate of the mobile phase was ImL min~'. The SEC setup was calibrated with
low-dispersity PSS standards (M, = 0.5-2520 kg mol™') with toluene as the internal
standard. Molar masses of poly(n-butyl acrylate) (pBA) were determined according
to the principle of universal calibration using the Mark-Houwink parameters for
the linear polymer (K = 1.22 x 10~ dLg™', a = 0.700).!") The concentration of the
samples was 3gL~".

The chromatograms for the determination of the degree of polymerization of
the multifunctional RAFT agents p™2-7, p™®_8 , and pMB-9 were measured in
THE with a different setup, which has been reported before.[>*]

2.2.3 Thin-layer chromatography

Precoated silica plates of the type MERCK “KIESELGEL F,54” were used for thin-layer
chromatography. Staining was accomplished with basic potassium permanganate,
ethanolic ninhydrin (2,2-dihydroxyindane-1,3-dione), or methanol/acetic acid/
vanilline staining solutions.
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2.3 Cloud-point measurements

2.3.1 Cloud-point determination at atmospheric pressure

The cloud points of the aqueous pNIPAm solutions at atmospheric pressure were
determined by optical absorption spectroscopy. The measurements were carried out
with a CARY 300 ScaN spectrophotometer against ultrapure water under constant
rapid stirring using HELLMA quartz cuvettes with a path length of 10 mm. The
temperature in the cuvette was measured and logged on the connected computer
via a thermocouple dipping into the solution. The temperature could be raised by
an integrated heating. In the case of the measurement starting at a temperature
below room temperature, the solution was cooled to approximately 10 °C below this
respective temperature with an ice-filled plastic bag before starting the experiment.
The occurring turbidity causes an increased extinction over the whole range of
wavelengths. For the actual measurements, only the wavelength of A = 400 nm was
monitored, thus obtaining a higher time-resolution (12 min™') and signal-to-noise
ratio. The cloud points were determined by heating the solutions from a temperature
significantly lower than the cloud temperature to a temperature clearly above with
a rate of approximately 2°Cmin~'. A solution was considered turbid once the
attenuation had reached 10 % of its maximum value. Another program was used
to log the temperature values as a function of the time. The time values were then
converted to temperature values using this log file and performing linear regression
between the logged time points. The whole measurement took approximately
45 min.

2.3.2 Cloud-point determination at high pressures
2.3.2.1 The cloud-point determination setup

The cloud points at increased pressures were determined with a special discontin-
uously operated high-pressure apparatus. The heart of the experimental set-up is
an optical high-pressure cell with variable internal volume, manufactured in the
institute’s workshop. Figure 2.1 shows a crosscut through this autoclave cell. The
hollow-cylindrical cell body (1) of 171 mm length and of 22 mm inner and 80 mm
outer diameter is made from stainless steel containing nickel (ARBED-SAARSTAHL).
With the given cell dimensions, this material allows for the operation of the cell up
to pressures of 3000 bar at 300 °C. It is sealed conically from both sides with steel
plugs (3, 9) through flanges (2) with six bolts (7) on either side. The opening angles
of the cones are 78°, while the opening angles of the plugs are 75°, so that the plugs
are tightening against the inner edges of the cell body. The steel which had been
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Fig. 2.1: Technical sketch of the high-pressure cell for cloud-point determinations. 1) Stainless-
steel cell body, 2) flange, 3) steel plug, 4) movable piston, 5) sapphire window, 6) sheathed
thermocouple, 7) bolts, 8) temperature-control shell, 9) steel plug, 10) O-ring, 11) internal volume,
12) connecting bore to the pressurizing system. (Reprinted and adapted with permission from a
previous publication.*! Copyright 2014 American Chemical Society.)

used for the production of the plugs is softer than the material of the cell body so
that abrasion will predominantly occur at the easier replaceable parts. A transparent
window made of a synthetic sapphire monocrystal (5,18 mm outer diameter, 10 mm
length, UV grade, RopiTi, UNION CARBIDE), optically polished on both sides to
reduce reflection and scattering on its surface, is fitted into one of the plugs (9), al-
lowing to monitor the inside of the cell optically using a borescope camera (21.2 mm
aperture, OPTIKON) with a halogen light source (TEcHNO 150, OPTIKON). This part
of the cell is sealed by a 12 um thick polytetrafluoroethylene foil between the plug
and the window—a type of sealing which gets tighter with increasing pressure.”!

The camera’s image is permanently displayed on a screen with an overlay from the
computer (added with a VipEONICS MX-1 video mixer) showing the associated
pressure (measured with a strain gauge as pressure transducer within +6 bar, HBM-

MESSTECHNIK, calibrated against a precision manometer, Wika as reference) and
temperature values inside the cell and in the shell, measured within +0.3°C via a
sheathed thermocouple (6, chromel-alumel, CIA S250, CGE ALsTHOM) which sits
in the investigated solution, in real time and recorded using a hard-disc recorder
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that allows for burning of the movies to DVD for more detailed analyses after the
experiments. For measurements at very high temperatures, the borescope camera
can be cooled with compressed air, which is also connected to the HPLC pump.
The other plug (3) is connected (12) to a high-pressure capillary (1.6 mm inner
and 6.4 mm outer diameter, AUTOCLAVE ENGINEERS) which leads to the pressure-
generating part of the set-up. Here, the pressurizing fluid n-heptane can be pressed
into the cell via a syringe pump (12 cm?), this way regulating the pressure inside the
cell. A movable metal piston (4, 20.1 mm length and 21.9 mm diameter) separates
the inside of the cell in the sample volume (11) and the volume for the pressurizing
medium. The flat piston surface which faces the sapphire window is polished to
assist the observation of the sample solution. A polytetrafluoroethylene O-ring (10)
is used as piston seal and discarded after each measurement. For the temperature
control, the cell is covered with a hollow brass shell (8) which is connected to a
cryostatic temperature regulator. For the constant agitation of the sample solution,
a polytetrafluoroethylene-coated magnetic stirring bar (NEOLAB) inside the sample
volume is driven through the non-magnetic cell wall by four magnetic coils posi-
tioned outside around the non-magnetic cell with an adjustable frequency. With
the computer, the temperature and pressure data can be processed, recorded, and
visualized as overlay on the connected screen during the measurements.
A general schematic presentation of the whole set-up is shown in Figure 6.1.

2.3.2.2 Experimental procedure

An amount of 50 mL (or more) of the pPNIPAm sample solution was prepared using
ultrapure water. This solution and the stirring bar were placed into the cell and it
was sealed with the plug tightening the six bolts of the flange with a torque of 30 N m,
the piston being equipped with an unused polytetrafluoroethylene O-ring. The cell
was encased with the temperature control shell, placed in the apparatus, and the
high-pressure capillary for the pressurizing fluid n-heptane, the thermocouples and
the borescope camera were connected. Each run was started at the lowest desired
temperature at a starting pressure of around 1700 bar to be sure that the solution
would not freeze. Once the respective temperature was reached, the pressure was
increased until a clouding could be observed. A turbid solution appears completely
dark through the borescope camera (see Figure 6.2. As cloud pressure, the point
was chosen, were the homogeneous mixture turns opaque and the screw on the
flat piston surface and the magnetic stirring bar could no longer be seen.[®! Then,
the pressure was decreased until the solution was fully transparent again. At the
next, approximately 2 °C higher temperature the measurement was repeated until
the highest temperature of interest had been reached. In regions where the cloud
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curves exhibited an especially high slope, the intervals were reduced to 1°C. If not
enough n-heptane was remaining in the syringe pump (and the part behind), it
could be refilled with the HPLC pump. During all measurements, the solution was
stirred magnetically with 300 revolutions per minute. When re-opening the cell, it
was impossible to prevent n-heptane from getting into contact with water so that
the solution had to be disposed of and could not be used again.

2.4 Determination of pH values

All pH measurements were performed with a METTLER TOLEDO SEVENMuLTI pH
meter with a glass electrode. It was calibrated before each measurement if it had
not been calibrated earlier at the day of measurement using three buffer solutions.

2.5 Electrospray-ionization mass spectrometry
(ESI-MS)

ESI-MS measurements were performed with a BRUKER DALTONIK MICROTOF
ESI-time of flight-mass-spectrometer at a spray voltage of 4.5kV and a capillary
temperature of 180 °C. All given values in this work were obtained in positive mode.

2.6 Elemental analysis

Elemental analysis of the carbon, hydrogen, nitrogen, and sulfur content of the
sample was performed using an ELEMENTAR “VARIO EL” combustion analyzer in
the analytic laboratory of the University’s Institute for Inorganic Chemistry.

2.7 Microscopy

2.7.1 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) here was carried out in an argon-filled glove box
(oxygen content below 1ppm) on a BRUKER MULTIMODE 8 microscope in peak
force tapping mode. The instrument was equipped with a silicon nitride cantilever
(k =0.4Nm™, vy = 50 - —-90kHz). Samples were spin-coated (approximately
1200 revolutions per minute) from solution in methanol on PLaNo glass discs
with a LAURELL WS-650-23NPP spin coater (gold concentration based on optical
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attenuation approximately 2 x 1072 gL™"). The glass disks had been cleaned for
30min (100 W) in a ZEpTO plasma cleaner by DIENER ELECTRONIC. The AFM
measurements were directed using the software NaNoScopE 8.15 on a connected
computer. Further processing of the data is described in Section 4.2.

2.7.2 Transmission electron microscopy
2.7.2.1 The instrument

All transmission electron microscopy (TEM) measurements were performed with a
PHiLips CM 12 (scanning) transmission electron microscope operating at an accel-
eration voltage of 120 kV and an emission current of 3-4 pA. The focused electron
spot on the sample had a diameter of 1 um. A 50 pm aperture was used in the
condenser lens and—unless stated otherwise—all scattered electrons were blocked
with a 20 pm aperture in the focal plane of the objective lens. The instrument
was equipped with a goniometer specimen stage, an OXFORD INSTRUMENTS X-
Max 80 mm? energy-dispersive X-ray spectroscopy (EDX) detector, and an Olympus
1376 x 1032 pixel charge-coupled device (CCD) camera.

2.7.2.2 Sample preparation

All samples were applied on PLANO 200 mesh copper TEM grids with a diameter
of 3.05 mm holding an amorphous carbon film with a thickness of 10-15 nm by
drop-casting. The TEM grids were placed on a laboratory paper tissue and one
drop of a very diluted (concentration typically 0.1gL™") sample solution was placed
onto them with a glass pipet. The TEM grid was immediately covered with a plastic
cup until all solvent had evaporated. The solvent for the sample preparation was
methanol, if not indicated otherwise.

2.7.2.3 Execution of measurements

The TEM grid was then locked into the microscope on a single-tilt specimen holder.
Prior to the recording of a micrograph, the following steps were performed: align-
ment of the illumination system (gun tilt, condenser aperture), finding eucentric
sample height, rotation center correction, astigmatism correction, (optionally) inser-
tion of additional apertures, finding a good spot and setting focus and exposure. No
further modification of the obtained micrographs other than tonal value correction
and cropping was performed.
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2.7.3 Scanning electron microscopy (SEM)

Scanning electron microscopy was performed on a LEo SUPRA 35, operating with
a voltage of 3kV, at the Institute of Materials Physics. The samples were glued
on specimen holders and coated with a gold film (approximately 8 nm) by sputter
coating prior to the measurements.

2.8 Spectroscopy

2.8.1 Nuclear magnetic resonance (NMR) spectroscopy

"H-NMR, B®C-NMR, and *’Si-NMR spectra were measured at room temperature
with tetramethylsilane as external and the residual solvent protons as internal
standard using a BRUKER AMX-300, a VARIAN MERCURY 300, or a VARIAN UNITY
300 spectroscope. The concentration of the substances was approximately 50 g L™\,
Chemical shifts are given in parts per million (ppm) on the tetramethylsilane scale.

2.8.2 UV/vis spectroscopy

The UV/vis absorption/attenuation spectra of solutions were acquired with a CARY
300 ScaN spectrophotometer against the pure solvent, using HELLMA quartz cu-
vettes with a thickness of 10 mm or, when the solutions were too intensely colored,
with a thickness of 1mm. The spectra were recorded in the wavelength range be-
tween 300 nm and 900 nm in steps of 0.5 nm with a scan rate of 60 nm min~'. The
instrument was equipped with a stirring and heating function with one thermocou-
ple dipping into the examined solution. Unless stated otherwise, the measurements
were performed at 21°C.

2.9 Thermogravimetric analysis

Thermogravimetric analysis was carried out with a NETzZscu “STA 409 PC” appara-
tus in the analytic laboratory of the University’s Institute for Inorganic Chemistry.
The samples were heated from 30°C to 800°C with a rate of 10°C min™" under
nitrogen (30 mL min ™).
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2.10 Ultrasonication

Ultrasonication was performed using a water-filled ELma S30H ultrasonic bath
operating at a frequency of 37 kHz and an effective power of 80 W (320 W peak
power) at room temperature.

2.11 Water purification

Deionized water was obtained from the institute’s water deionization system (ion
exchange columns). Additional purification to type 1 water was performed using a
MILLIPORE SIMPLICITY UV water purification system. In this instrument, deionized
water is pumped with a flow rate of 0.5L min™' through a UV chamber, where
organic molecules in water are ionized by the UV radiation. All ions are then
removed in a ion exchange cartridge. Finally, particles and bacteria with a size
greater than 50 nm are removed by a cellulose filter. The total organic carbon (TOC)
concentration of the output water is below 5 g L™, the number of micro-organism
is below 0.1 CFU mL™! (colony forming units). It was constantly checked that the
water had a resistivity of p > 18.2 MQ cm (at 25 °C). This treatment of the water was
performed immediately before use.

2.12 Further equipment

Masses were determined with a SARTORIUS ANALYTIC AC 210 S scale. For degassing
of the polymerization solutions, an Epwarps EXC 120 or a PFEIFFER TMH 071
turbo molecular pump was used. The glovebox was a MBRAUN LABMASTER 120
with an oxygen content below 4 ppm. The vacuum drying was carried out in a
THERMO ELECTRON “THERMO SCIENTIFIC” drying cabinet connected to a rotary
vane pump. The heating block was a KLEINFELD MBT 250-2 or a RoTH RoTIiLABO®
H250.
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Chapter 3

Substances

3.1 Commercially acquired substances

Acetic acid (> 99.7 %, ALDRICH), acetone (99.98 %, FISHER SCIENTIFIC), AMBER-
LITE IRA-67 (free base, FLUKA), ammonium molybdate tetrahydrate (> 99.0 %,
FrLuka), benzyl mercaptan (99 %, ALDRICH), 11-bromo-1l-undecanol (> 99.0 %,
FLUKA), 1-butanol (> 98.0 %, FLUKA), carbon disulfide (> 99.9 %, ALDRICH), ((chlo-
romethyl)phenylethyl)trimethoxysilane (mixed meta and para isomers, purity not
specified, ABCR), 3-chloropropyldimethylmethoxysilane (95 %, ABCR), di-n-de-
cyldisulfide $:A-10 (> 90 %, ABCR), 1,4-diacetylbenzene (99 %, ALDRICH), 1,1I-
dibromoundecane (> 98 %, ALDRICH), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ, 98 %, ALDRICH), 1,3-dicyclohexylcarbodiimide (99 %, ALDRICH), 4-(dime-
thylamino)pyridine (99 %, ALDRrICH), dithiothreitol (DTT, Cleland’s reagent, no
purity specified, ABCR), 1-dodecanethiol SHA-2 (> 98 %, ALDRICH), ethanol (>
99.8 %, ACROS ORGANICS, water-free, denatured with 1% 2-butanone and 0.0001%
denatonium benzoate), gold(III) bromide (> 99.99 %, ABCR), hydrochloric acid
(> 37 %, ALpRICH), hydrofluoric acid (> 48 %, ALDRICH), hydrogen tetrachloro-
aurate(III) trihydrate (> 99.9 %, ALDRICH or > 99.99 %, ABCR, must not get in
contact with a metal spatula), lithium bromide (> 99 %, ALDRICH), maleic acid anhy-
dride (> 99.9 %, FLuka), 3-mercapto-1-propanol (95 %, ALDRICH), 1l-mercaptoun-
decanol SPA®H_7 (97 %, ALDRICH), 2-mercaptoethanol (> 99.0 %, ALDRICH), 6-
mercaptohexanol S"A%H-6 (97 %, ALbRricH), 4-mercaptophenol S"A%H-4 (97 %,
ALDRICH), (11-mercaptoundecyl)tetra(ethylene glycol) SHAOH_8 (95%, ALDRICH),
methane sulfonyl chloride (> 99.7 %, ALDRICH), methanol (> 99.9 %, FISHER
CHEMICAL), ninhydrine (> 95.0 %, ALDRICH), N,N-dimethylacetamide (DMAc,
> 99.9 %, ALDRICH), N,N-dimethylformamide (DME, > 99.8 %, ACROS ORGAN-
ICS, extra dry over molecular sieves), n-butylamine (> 98 %, FLUkA), n-heptane
(> 99.0 %, MERCK-SCHUCHARDT), octadecylamine NH:A-11 (> 99.0 %, ALDRICH),
oleylamine N"2A-12 (technical grade, 70.0 %, ALDRICH or technical grade 80-90 %,

© Springer International Publishing Switzerland 2015 65
B. Ebeling, Smart Nanohybrids of RAFT Polymers and Inorganic Particles,
Springer Theses, DOI 10.1007/978-3-319-15245-5_3



66 Chapter 3 Substances

AcRros ORGANICS), 1-pentanol (> 99.0 %, ALDRICH), 2-phenylethanethiol SHA-1
(> 99 %, ALDRICH), potassium carbonate (> 99.0 %, ALDRICH), potassium per-
manganate (> 99.0 %, ALDRICH), potassium thioacetate (98 %, ABCR), 1-propane-
thiol (> 98.5%, FLUKA), 1-propanol (> 99.0 %, MERCK), 2-propanol (> 99.8 %,
RoTH), propargyl alcohol (99 %, FLuka), sodium azide (> 99 %, RoTH), sodium
borohydride (> 96 %, ALDRICH), sodium chloride (> 99 %, ALDRICH), sodium
citrate tribasic dihydrate (> 99.0 %, ALDRICH), sodium hydrogencarbonate (> 95 %,
ALDRICH), sodium hydroxide (> 98.0 %, ALDRICH), sodium iodide (> 99 %, AL-
DRICH), sodium methoxide (> 97 %, FLUuKA), sodium methoxide solution (25 %
in methanol, ALDRICH), sodium sulfate (> 99.7 %, ALDRICH), sulfur (> 99.5 %,
ALDRICH), tert-tetradecanethiol S"A-3 (mixture of isomers, no purity specified,
ABCR), tetra-n-octylammonium bromide N*A-13 (98 %, ABCR), thionyl chloride
(> 99 %, ALDRICH), triethylamine (> 99 %, ALDRICH), and tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP, 98.0 %, ABCR) were obtained from the respective
suppliers and used as received. The chemical structures of the substances with a
sample identifier can be found in 8.5. Dry solvents were obtained by standard drying
methods.! Deuterated solvents (chloroform-d, acetone-d6, DMSO-d6, DMF-d7)
for NMR spectroscopy were provided by the NMR laboratory. Throughout this
section, “water” or “deionized water” refer to water from the institute’s deionization
system. “Ultrapure water” refers to type 1 water (see Section 2.11).

For easier understanding of the NMR spectra of synthesized substances, some
NMR spectra of commercial substances are reported here.

"H-NMR (3-chloropropyldimethylmethoxysilane, 300 MHz, CDCl,): =
3.52(t,] =7Hz,2H, CH,-CH,—Cl), 3.43 (s, 3H, O-CH,), 1.88-1.76 (m, 2 H,
CH,~CH,-CH,), 0.75-0.68 (m, 2H, CH,~CH,-Si), 0.12 (s, 6 H, 2 x Si—
CH,) ppm.

"H-NMR (*PA°H_4 | 300 MHz, acetone-d6): §="743-6.66 (m,4 H,4 x ~CH=),
3.92 (s,1H, —-SH) ppm.

"H-NMR (11-bromo-1-undecanol, 300 MHz, CDCl,): § =3.62 (t, ] = 7Hz,
2H, CH,~OH), 251 (q, ] = 7Hz, 2H, CH,~SH), 1.65-1.49 (m, 4 H, CH,—
CH,~OH and CH,~CH,-SH), 1.40-1.21 (m, 14 H, OH-CH,~CH,—(CH,),)

'"H-NMR (propargyl alcohol, 300 MHz, CDCl;): § =4.25 (d, ] = 2Hz, 2H,
CH,=),2.46 (t,] = 2Hz,1H, =CH), 2.40 (bs,1H, CH,-OH) ppm.
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3.1.1 Monomers

N-isopropylacrylamide (NIPAm, > 99 %, ALDRICH, or > 99 %, ACROS ORGAN-
Ics) was recrystallized twice from toluene : n-hexane = 1 : 3 and dried under
high vacuum giving colorless needles. n-Butyl acrylate (BA, > 99 %, containing
10-60 ppm 4-methoxyphenol as inhibitor, ALDRICH) and styrene (> 99 %, stabi-
lized with 0.002 % 4-tert-butylcatechol, ALDRICH) were passed through a column
containing aluminum oxide (basic, Brockmann I, 150 mesh, ALDRICH) before use.
For the structural formulas of BA, NIPAm, and styrene see Figure 5.11. All purified
monomers were stored at 3 °C until use.

3.1.2 Initiators

2,2'-Azobis(iso-butyronitrile) (AIBN, 98 %, Akzo NOBEL) was recrystallized twice
from methanol, giving colorless needles. 4,4’-Azobis(4-cyanovaleric acid) (ACVA, >
98 %, ALDRICH) was used as received without further purification. For the structural
formulas of AIBN and ACVA see Figure 5.13. The initiators were stored at 8 °C until
use.

3.1.3 RAFT agents

2-(Dodecylthiocarbonothioylthio)-2-methylpropanoic acid p-4 (98 %, ALDRICH)
and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid p-5 (97 %,
ALDRICH) were used as received without further purification.

"H-NMR (p-4, 300 MHz, CDCL,): 8 =3.27 (t, ] = 7Hz, 2H, CH,—SCS,), 1.70
(s, 6 H,S,CS—C—(CH,),), 1.69-1.60 (m, 2 H, CH,~CH,-SCS,), 1.40-1.20 (m,
18 H, CH,—(CH,),) 0.86 (t, ] = 7Hz, 3H, CH,~CH,) ppm.

The RAFT agent benzyl(3-trimethoxylsilylpropyl)trithiocarbonate p>-1 (see
Figure 5.12) was kindly provided by Robert Rotzoll who has already reported the
synthesis protocol.[>~#) Its integrity was checked by NMR spectroscopy immediately
prior to use.

"H-NMR (300 MHz, CDCl,;): §=7.04-730 (m, 4 H, 4 x ~CH=), 4.60-4.50 (2 x s,
2H, S-CH,-C.H, of meta- and para-isomers), 3.54 (s, 9 H, 3 x Si—-O—-CH,),
3.38-3.28 (m, 2H, S—~CH,~ CH,~CHy,), 2.78-2.60 (m, 2H, Si—-CH,~CH,),
1.80-1.65 (m, 2 H, S—CH,~CH,—CH,), 1.05-0.90 (m, 5 H, Si—-CH, and Si—
CH,-CH,-CH,) ppm.
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3C-NMR (75 MHz, CDCl;): § =223.8 (C=S), 126.6, 127.2,128.1, 128.65, 128.70,
129.2,132.2, 134.9, 143.9, and 144.9 (C,H, of meta- and para-isomers), 50.5
(Si—-O-CHjy), 41.2 and 41.5 (S—CH,-CH, of meta- and para-isomers), 38.8
(S-CH,-CH,-CH,;),28.3and 28.5 (Si—CH,—CH, of meta- and para-isomers),
21.5 (S—CH,-CH,—CH,), 13.4 (Si—-CH,~CH,—CH,), 111 (Si- CH,) ppm.

The polyfunctional RAFT agents p™P-7, pMB_8 , and pMP-9 had already been
prepared in previous work by polycondensation of 2,6-dibromoheptanedioate and
trithiocarbonate anions on an anionic phase transfer catalyst. The synthesis protocol
has already been reported.>®! Their integrity was checked by NMR spectroscopy
immediately prior to use. See Figure 5.12 for the structural formulas of these RAFT
agents.

TH-NMR (300 MHz, CDCL,): 8 =1.40-1.70 (m, CH,—CH,—CH,), 1.85-2.14 (m,
CH,—CH,—~CH,), 3.75 (s, COOCH,), 4.14-4.24 (m, CH-Br), 4.59-4.79 (m,
CH-S) ppm.

BC-NMR (75 MHz, CDCl;): § = 22.1 (CH,~CH,-CH,), 30.5 (CH-CS,), 44.8
(CH-Br), 53.0 (COO-CH,, CH-SCS,), 170.4 (COO-CH,), 219.2 (S-CS
-S) ppm.

3.1.4 Polymers

The pNIPAm star polymer 7t -19 (M, = 2.07 x 10° gmol™") was kindly provided
by Nadja Forster who has already reported the protocol.l”8! See Figure 9.1 for the
chemical structure.

The water-soluble polymers polysorbate 20 (TWEEN 20, poly(ethylene glycol) sor-
bitan monolaurate, 1228 gmol™!, SiGma), poly(ethylene glycol) (570-630 g mol ™,
FLuka), poly(acrylic acid) (M, = 4.5 x 10° gmol !, ALDRICH), polyvinylpyrrolidone
(M, =4 % 10* gmol™!, ALDRICH), poly(methacrylic acid) (M,, ~ 10° gmol ™, PorLy-
sCIENCES EUROPE), poly(acrylic acid) (M,, ~ 3 x 10° gmol~!, ALDRICH), were pur-
chased commercially and used as received.

3.1.5 Nanoparticles

The fumed silica Siof:v—l (ALDRICH) is a mesoporous material produced by the
aggregation of primary particles with a diameter of approximately 7 nm. According
to the manufacturer’s data, the specific surface is S,, = 390 + 40m?*g™' and the
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planar density of hydroxyl groups is approximately p,, = 2.5nm™* (see Section 4.1).
The material is a white powder and was used without any pretreatment.

Colloidal silica ;¢ v-2 in methanol (“orGANOSILICASOL” MA-ST-L) was pur-
chased from Nissan CHEMICALS and stored at room temperature. The mass fraction
of silica was wsjo, = 0.43 + 0.02, respectively, as determined gravimetrically.

3.2 Synthesis of substances

3.2.1 Synthesis of RAFT agent p**-2 with two anchor
groups

The whole synthesis is depicted in Figure 5.2.

3.2.1.1 Synthesis of 1,4-bis(hydroxyethyl)benzene o-4

To a solution of 1,4-diacetylbenzene (5.02 g, 31.0 mmol, 1eq.) in 50 mL of THF was
slowly added sodium borohydride (2.53 g, 67.0 mmol, 2.2 eq.). The solution was
stirred for 24 h at 40 °C before hydrochloric acid (3 mol L™}, 25mL) was added.
The aqueous phase was extracted with dichloromethane (1 x 100 mL, 2 x 50 mL).
The combined organic phases were dried over sodium sulfate and the solvent was
removed by rotary evaporation. After purification by column chromatography over
silica (ethyl acetate), the title compound -4 was obtained in the form of yellow
crystals (4.52g, 27.2 mmol, 88 %).

"H-NMR (300 MHz, CDCl;): § =733 (m,4H, 4x C-CH=C),4.87 (q, ] = 7Hz,
2H,2x CHOH-CH,),1.86(s,2H,2 x OH),1.47(d, ] = 7Hz,6 H,2 x CHOH-
CH,) ppm.

3.2.1.2 Synthesis of 1,4-bis(1-chloroethyl)benzene -5

To a solution of 1,4-bis(hydroxyethyl)benzene (4.48 g, 27.0 mmol, 1eq.) in 50 mL
of dichloromethane, a solution of thionyl chloride (4.09 mL, 56.0 mmol, 2.1eq.)
in 25 mL dichloromethane was added dropwise in a nitrogen atmosphere and un-
der constant stirring. The solution was then stirred overnight at room tempera-
ture and 25 mL of a saturated aqueous solution of sodium sulfate was added. The
aqueous phase was extracted with dichloromethane (3 x 25 mL) and the combined
organic phases were dried over sodium sulfate. Removing the solvent under re-
duced pressure and purification by column chromatography over silica (n-pentane :
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ethyl acetate = 20 : 1) yielded the title substance o-5 as greenish-yellow solid
(3.64 g,17.9 mmol, 66 %).

"H-NMR (300 MHz, CDCl,): § =739 (m, 4 H, 4 x C-CH=C), 5.07 (q, ] = 6 Hz,
2H,2x CHCI-CH,), 1.83 (s, 6 H, 2 x CHCI-CH,) ppm.

3.2.1.3 Synthesis of sodium (1-trimethoxysilyl)ethyldithiobenzoate
o-6

To a suspension of elemental sulfur (470 mg, 15mmol, 2.0 eq.) in 30 mL of methanol,
a solution of sodium methoxide (810 mg, 15mmol, 2.0 eq.) in 3 mL of methanol
was added dropwise. ((Chloromethyl)phenylethyl)trimethoxysilane (mixed m/p
isomers, 1.81mL, 7.4 mmol, 1 eq.) was added and the solution was stirred overnight
at 80 °C. By filtration of the mixture and removal of the solvent under reduced
pressure, the title compound 0-6 was obtained as brown solid. The product was
employed in the next reaction step without further purification or analysis.

3.2.1.4 Coupling to the final RAFT agent p**-2

To a refluxing solution of 1,4-bis(1-chloroethyl)benzene (500 mg, 2.5 mmol, 1eq.) in
10 mL of dry acetonitrile, a solution of sodium (I-trimethoxysilyl)ethylthiobenzoate
(complete product of the reaction in Section 3.2.1.3, estimated: 3 eq.) was added
dropwise. The solution was stirred for another 4 h under reflux and then filtered. The
solvent was removed under reduced pressure. Purification by column chromatog-
raphy over silica (n-pentane : ethyl acetate = 20 : 1) yielded the RAFT agent 1,1'-(1,4-
phenylene)-bis(ethane-1,1-diyl)-bis(3/4-(2-(trimethoxysilyl)ethyl)benzodithioate),
compound p**-2 (no yield could be calculated because the purification was done
in several steps), as red solid.

"H-NMR (300 MHz, CDCl,): & =7.95-7.05 (m,12H,12 x C-CH=C),5.22(q, ] =
6Hz,2H, 2 x CHS—CH,),3.55 (5,18 H, 6 x OCH,),2.73 (m, 4 H, 2 x Si—-CH,—
CH,),1.76 (d, ] = 6 Hz, 6 H, 2 x CHS—CH,), 1.00 (m, 4 H, 2 x Si—-CH,~CH,)

3.2.2 Synthesis of RAFT agent p'-3 with a monofunctional
anchor group

The convergent reaction scheme is shown in Scheme 5.3.



3.2 Synthesis of substances 71

3.2.2.1 Synthesis of the precursor 3-iodopropyldimethylmethoxysilane
o-7

3-Chloropropyldimethylmethoxysilane (0.58 mL, 0.55 g, 3.5 mmol, 1 eq.) was added
to a solution of sodium iodide (5.25 g, 35.0 mmol, 10 eq.) in 30 mL of dry acetone.
The solution was stirred for 72 h at 45 °C. The solvent was removed under reduced
pressure and chloroform was added to the residue. The colorless precipitate was
filtered off. By drying the filtrate by rotary evaporation, the title compound o-7

was obtained as orange liquid (0.839 g, 3.25 mmol, 93 %).

"H-NMR (300 MHz, CDCI,): & = 3.42 (s, 3H, O-CH,), 3.20 (t, ] = 7Hz, 2 H,
CH,—CH,~1),1.80-1.92 (m, 2H, CH,~CH,~CH,), 0.66-0.73 (m, 2 H, CH,—
CH,—-Si), 0.11 (s, 6 H, 2 x Si-CH,) ppm.

3.2.2.2 Synthesis of 6-8 and coupling to the final RAFT agent p'-3

Benzyl mercaptan (0.77 mL, 816 mg, 6.57 mmol, 1 eq.) was added dropwise to a so-
lution of sodium methoxide (355 mg, 6.57 mmol, 1eq.) in 20 mL of methanol. After
stirring for 2 h at room temperature, carbon disulfide (0.62 mL, 10.3 mmol, 1.57 eq.)
was added. The mixture was stirred for another 2h at room temperature. Then,
3-iodopropyldimethylmethoxysilane -7 (1.70 g, 6.57 mmol, 1eq.) was added and
the solution was stirred for 16 h at room temperature. The solvent was removed
under reduced pressure, chloroform was added and the precipitate was removed by
filtration. After removing the chloroform under reduced pressure, the RAFT agent
p'-3 (1.82g, 5.52mmol, 84 %) was obtained as orange liquid.

"H-NMR (300 MHz, CDCL,): 6 =737-727 (m,5H, 5 x ~CH=), 4.63 (d, ] = 2Hz,
2H, S,CS-CH,—C), 3.44 (s, 3H, O-CH,), 3.42-3.37 (m, 2H, CH,~CH,—
5CS,), 1.83-1.71 (m, 2 H, CH,~CH,—CH,), 0.78-0.71 (m, 2 H, CH,— C H,~Si),
0.13 (s, 6 H, 2 x Si—-CH,) ppm.

13C-NMR (75 MHz, CDCl,): §=224.8,223.9,222.9 (5CS,),136.3,136.2 (C— CH~-
C),129.6,129.5 (2 x C—CH-C), 129.1,129.0 (2 x C—CH-C), 128.3,128.1 (C—
CH-C), 50.6 (O—CHy,), 41.8, 41.7 (C—CH,—SCS,), 40.3, 40.2 (CH,—CH,—
SCS,), 22.6 (CH,—CH,—CH,), 15.9 (Si—CH,—CH,), -2.4 (Si—CH,) ppm.

28i-NMR (60 MHz, CDCl,): § =18.9 ppm.

MS (ESI): ™ =3171 [M - Me + 2H]*, 3311 [M + H]*, 3391 [M - Me + H + Na]*,
3531 [M + Na]*.
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3.2.3 Synthesis of the alkyne RAFT agent p~—6

This Steglich!® esterification reaction was performed twice with different absolute
(but identical relative) amounts of the substances. By way of example, only the
values of one single reaction are noted here. The reaction is shown in Scheme 5.4.

A solution of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid p-4
(2.37 g, 6.5mmol, 1eq.) in 30 mL of dry dichloromethane was cooled to 0 °C. Subse-
quently, 4-(dimethylamino)pyridine (63.5 mg, 520 pmol, 0.08 eq.), propargyl alco-
hol (1.70 mL, 1.64 g, 29.3 mmol, 4.5 eq.), and 1,3-dicyclohexylcarbodiimide (1.48 g,
7.15mmol, 1.1eq.) were added slowly under stirring. The precipitation of a white
salt was observed. The cooling was removed and the reaction mixture was stirred
for 3d at room temperature. The precipitate was filtered off and the filtrate was
concentrated by rotary evaporation and redissolved in 50 mL of dichloromethane.
This solution was filtrated again, washed with 0.5~ hydrochloric acid (3 x 50 mL)
and a saturated solution of sodium hydrogencarbonate (3 x 50 mL) and dried over
sodium sulfate. The solvent was removed via rotary evaporation. After drying under
high vacuum, the title compound p=-6 was obtained (2.25g, 5.60 mmol, 86 %) as
a yellow solid.

TH-NMR (300 MHz, CDCL,): 8 =4.69(d, ] = 2Hz,2H, CH,=),3.27 (t, ] = 7Hz,
2H, CH,-SCS,), 2.46 (t, ] = 2Hz, 1H, =CH), 1.71 (s, 6 H, S,CS—-C—(CH,),),
1.69-1.60 (m, 2 H, CH,~CH,—SCS,), 1.40-1.20 (m, 18 H, CH,—(CH,),) 0.86
(t, ] =7Hz,3H, CH;—CH,) ppm.

Elemental analysis: calculated: 59.65% C, 23.89% S, 7.95 % O, 8.51 % H; found:
60.27% C, 22.61%S, 8.73% H.

3.2.4 Synthesis of the azidothiol *HAN:-9

The whole synthesis is depicted in Scheme 5.5. A pathway!'*!!! from literature was
followed with some modifications, especially in the last step.

3.2.4.1 Synthesis of 1-azidoundecane-11-ol 0-1

This reaction was performed three times with different absolute (but identical
relative) amounts of the substances. By way of example, only the values of one single
reaction are noted here.

To 150 mL of dimethyl formamide, which had been bubbled with argon for
5min, 11-bromo-1l-undecanol (10.8 g, 43.1mmol, 1eq.) and sodium azide (3.08 g,
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47.4mmol, 1.1eq.) were added under exclusion of air. The solution was stirred for
24 h under reflux in an argon atmosphere. After the reaction mixture had cooled
down to room temperature, 150 mL of water were added. This mixture was extracted
with diethyl ether (3 x 130 mL). The combined organic phases were subsequently
washed with water (3 x 130 mL) and dried over magnesium sulfate. By evapora-
tion of the solvent under reduced pressure and drying of the residue under high
vacuum, the title compound o -1 (8.11g, 47.4 mmol, 88 %) was obtained as a pale
brownish-yellow oil.

"H-NMR (300 MHz, CDCl;): § =3.62 (t, ] = 7Hz, 2H, CH,—OH), 3.25 (t, ] =
7Hz, 2H, CH,-Nj,), 1.65-1.50 (m, 4 H, CH,—~CH,—OH and CH,—~CH,-N,),
1.42-1.22 (m, 14 H, N;-CH,-CH,—(CH,),) ppm.

3.2.4.2 Synthesis of 1-azidoundecane-11-methylsulfonate o-2

This reaction was performed twice with different absolute (but identical relative)
amounts of the substances. By way of example, only the values of one single reaction
are noted here.

1-Azidoundecane-11-ol -1 (3.30g, 15.4 mmol, 1eq.) and methanesulfonyl chlo-
ride (3.10mL, 4.59 g, 40.0 mmol, 2.6 eq.) were added to 100 mL of freshly dried
(distillation over calcium hydride) tetrahydrofurane and the mixture was bubbled
with argon for 5min. Under constant stirring, a solution of triethylamine (5.37 mL,
3.90 g, 38.5mmol, 2.5 eq.) in freshly distilled tetrahydrofurane was added dropwise
over 5min. The reaction mixture was further stirred for 2 h. During this time, the
precipitation of a colorless salt was observed. Then the reaction was quenched by
addition of 100 mL of ice-cold water. The mixture was extracted with diethyl ether
(2 x100mL). The organic phases were combined and washed with 1 M hydrochloric
acid (3 x 100 mL), water (3 x 100 mL), a saturated aqueous solution of sodium hy-
drogencarbonate (3 x 100 mL), and again with water (3 x 100 mL), and dried over
sodium sulfate. The solvent was removed via rotary evaporation and the residue
was dried under high vacuum, yielding the title compound o-2 (3.80 g, 13.0 mmol,
84 %) as a pale yellow oil.

"H-NMR (300 MHz, CDCl;): § = 4.22 (t, ] = 7Hz, 2H, CH,~0-SO,;-CHy,),
3.25(t, ] = 7Hz, 2H, CH,-N;), 3.00 (s, 3H, SO;—CH,), 1.75 (quin, ] = 7 Hz,
2H, CH,—CH,-0), 1.64-1.54 (m, 2H, CH,~CH,-N,), 1.43-1.24 (m, 14 H,
N;-CH,-CH,— (CH,),) ppm.



74 Chapter 3 Substances

3.2.4.3 Synthesis of 1-azidoundecane-11-thioacetate 0 -3

This reaction was performed twice with different absolute (but identical relative)
amounts of the substances. By way of example, only the values of one single reaction
are noted here.

1-Azidoundecane-11-methylsulfonate o-2 (0.965g, 3.30 mmol, 1eq.) and potas-
sium thioacetate (0.754 g, 25.8 mmol, 2.0 eq ) were dissolved in 30 mL of methanol.
The reaction mixture was refluxed for 3h under constant stirring in an argon atmo-
sphere. After cooling to room temperature, the reaction solution was concentrated
via rotary evaporation and 30 mL of ice-cold water were added. The mixture was
extracted with diethyl ether (3 x30 mL). The organic phases were combined, washed
with water (3 x 30 mL), and dried over sodium sulfate. The solvent was removed by
rotary evaporation and the residue was dried under high vacuum. Thus, the title
compound o-3 (0.862g, 3.16 mmol, 96 %) was obtained as a pale yellow oil.

"H-NMR (300 MHz, CDCl;): § =3.25(t, ] = 7Hz, 2H, CH,-N,), 2.85 (t, ] =
7Hz, 2H, CH,~S-CO-CH,), 2.31 (s, 3H, CO-CH,), 1.72-153 (m, 4H,
CH,— CH,-N, and CH,~CH,-S-CO0), 1.42-1.23 (m, 14 H, N;—CH,~CH,—
(CH,),;) ppm. (And signals of already present thiol and disulfide, see Sec-
tion 3.2.4.4.)

3.2.4.4 Synthesis of 1-azidoundecane-11-thiol HAN:—9

This reaction was performed twice with different absolute (but identical relative)
amounts of the substances. By way of example, only the values of one single reaction
are noted here.

A solution of 1-azidoundecane-11-thioacetate o-3 (0.861g, 3.16 mmol, leq.) and
60 mL of methanol was bubbled with argon for 5min and 3 mL of concentrated
hydrochloric acid were added. The solution was refluxed under constant stirring
in an argon atmosphere for 4.5 h and then stirred overnight at room temperature.
Subsequently, 60 mL of water were added. The resulting mixture was extracted with
diethyl ether (2 x 60 mL). The organic phases were combined, washed with water
(3 x 65mL), and dried over sodium sulfate. The solvent was removed by rotary
evaporation. Purification via column chromatography over silica [petrol ether : ethyl
acetate =100:1 — 50:1; Ry = 0.65 (petrol ether : ethyl acetate = 9:1)] and drying
under high vacuum yielded the title compound $HAN:-9 (0.509 g, 2.21 mmol, 70 %)
as a colorless oil, containing impurities of the corresponding disulfide $:AN3-9’
(approximately 1/5 of the total number according to NMR integrals).

"H-NMR (thiol, 300 MHz, CDCI,): see Section 3.2.4.5.
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"H-NMR (disulfide, 300 MHz, CDCl,): §=3.25(t,] = 7Hz,4 H, 2 x CH,—N,),
2.67 (q, ] = 7Hz, 4H, 2 x CH,—-S-S), 1.67-1.53 (m, 8 H, 2 x CH,—CH,-N,
and 2 x CH,-CH,—-S-5),1.42-1.23 (m, 28 H,2 x N;-CH,-CH,—(CH,),) ppm.

3.2.4.5 Reduction of bis-(1-azidoundecane) disulfide S:2AN:-9’ to
1-azidoundecane-11-thiol S"AMN:—9

A solution of the azidothiol S"ANs-9 (59.6 UL, 57.4 mg, 250 pmol, 1eq.) containing
impurities of the bis-(1-azidoundecane) disulfide $:2ANs-9" (approximately 1/5 of
the total number according to NMR integrals) in a mixture of 15 mL of methanol
and 5 mL of tetrahydrofurane was bubbled 5 min with argon. Under constant stir-
ring, triethylamine (104 uL, 75.9 mg, 750 pmol, 3 eq.) and dithiothreitol (116 mg,
750 pmol, 3 eq.) were added slowly. The solution was further stirred overnight at
room temperature and then 20 mL of a 4 % aqueous citric acid solution were added.
This mixture was extracted with diethyl ether (2 x 20 mL). The combined organic
phases were washed with water (3 x 40 mL) and dried over magnesium sulfate.
After drying under high vacuum, the pure azidothiol *"AN:-9 (57.4 mg, 250 umol,
quantitative yield) was obtained.

"H-NMR (300 MHz, CDCL,): 6 =3.25 (t, ] = 7Hz, 2H, CH,~N,), 2.51 (q, J =
7Hz, 2H, CH,~SH), 1.67-1.53 (m, 4 H, CH,—~CH,~N, and CH,—CH,-SH),
1.42-1.23 (m, 14 H, N;-CH,-CH,—(CH,),) ppm.

Elemental analysis: calculated: 57.34 % C,18.24 % N, 13.92 % S,10.50 % H; found:
57.97% C, 18.59 % N, 13.87 % S, 10.20 % H.

3.2.5 Synthesis of the Dess-Martin periodinane 0-9

The Dess—Martin periodinane,m] 1,1,1-triacetoxy-1,1-dihydro- 1,2-benziodoxol-3(1H)-
one, was synthesized according to the standard literature procedurem] and stored
at —18 °C prior to use.

3.2.6 Polymers
3.2.6.1 Polymerizations

Depending on the quantity, the polymerizations were performed in two different
ways.

Polymers -1, -2, -3, -4 , i1, i™B_12 , iMB_13 , iMB_14 , AMB 15,
nMB_16 , ™PB-17, and m™B-18 were obtained by dissolving the monomer NI-
PAm, the respective RAFT agent, and the initiator AIBN dissolved in DMF in a glass
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vial with a septum and degassing the solution thoroughly via bubbling with dried
argon. The polymerizations were then conducted in a heated oil-bath of 60 °C in an
argon atmosphere with constant magnetic stirring. After the indicated amounts of
time, the samples were taken with a syringe.

Polymers m-5, -6 , m-7 , -8 , -9 , and m-10 were obtained by degassing
the polymerization mixtures containing NIPAm, the respective RAFT agent and
initiator in DMF via three freeze-pump-thaw cycles and then portioning it into sev-
eral capped glass vials in an argon-filled glovebox, which were subsequently placed
in a heating block which had been preheated to the polymerization temperature.
After the indicated periods of time, the polymerizations were stopped by exposure
of the solution to air.

All polymers were then precipitated in large amounts of diethyl ether and collected
by centrifugation of the mixture and decantation of the supernatant. It was waited
until the remaining diethyl ether had evaporated and the polymers were dry. Then,
they were redissolved in a small amount of acetone and the described precipitation-
centrifugation process was repeated. After a total of three consecutive precipitation
steps, the isolated polymers were dried in a vacuum oven at 55 °C and thus obtained
as pale yellow solids. SEC showed that all residual monomer was removed by the
work-up (no signal at low molar masses).

The amounts of the used substances and the polymerization conditions for the
individual reactions are listed in the Tables 3.1 to 3.18. See Section 5.4 for the
explanations of the variables used in these tables.

3.2.6.2 Defunctionalization via aminolysis and Michael-addition
sealing

This reaction is based on the protocols published by Qiu and Winnik™! (2006) and
Lei et al.™! (2006).

The trithiocarbonate-group containing polymer (10 mg) and a very small amount
of tris(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI) were dissolved in
6 mL of THF and n-butyl amine (0.20 mL, 2.0 mmol) was added. The solution was
shaken for 36 h and n-butyl acrylate (BA, 0.2 mL, 1.4 mmol) was added. Colorless
polymers were obtained after drying for 1d under high vacuum at 75 °C.

3.2.6.3 Cleavage via reaction with excess radicals

The trithiocarbonate-group containing polymer (10 mg) and AIBN (10 mg, 60 pmol)
were dissolved in 1 mL of THE. The solution was heated to 85 °C for 5h. Colorless
polymers were obtained after drying under high vacuum at 85 °C for 1h and sub-
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Tab. 3.1: Polymerization data for 7t-1.

number -1 T 60°C
solvent DMF nm/ns 1/4
monomer NIPAm oM 3.23molL™!
RAFT agent p-4 CRAFT  6.46 x 107> mol L™}
initiator AIBN Cini 2.44 x 10> mol L™!
-1 RI detector UV detector
tinh Xyg M,in £ D M, in £D
b 1.87 0.380 5.16x10* 1.08 5.33x10* 1.06
c 3.50 0.800 5.48x10* 119 5.34x10* 1.20
d 550 0.970 5.50x10* 123 5.02x10* 1.32
e 757 1.000 5.62x10* 123 5.26x10* 1.31
Tab. 3.2: Polymerization data for 7t-2 .
number -2 T 60°C
solvent DMF ny/ns 1/3.1
monomer NIPAm oM 4.17molL!
RAFT agent p-4 CRAFT  5.00 x 107> mol L™
initiator AIBN Cini 2.52x 1073 mol L™}
-2 RI detector UV detector
tinh Xuyg M, in miol P M,in miol D
a 2,67 0350 4.74x10* 115 4.64x10* 114
b 447 0.700 6.77x10* 119 6.48x10* 1.21
C 550 0.750 7.26x10* 119 7.14x10* 1.21
d 6.95 0.720 7.44x10* 122 7.03x10* 1.29
e 817 0.930 6.76 x10* 1.28 5.95x10* 1.37
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Tab. 3.3: Polymerization data for 7t-3 .

number -3 T 60°C
solvent DMF nwm/ns 1/3
monomer NIPAm M 430 mol L™!
RAFT agent p-4 crarr 172 %1073 mol L™!
initiator AIBN Cini 1.64 x 10> mol L™}
-3 RI detector UV detector
tinh Xy, Mp,int b M,int D
a 2.00 0.490 1.22x10° 131 9.42x10* 152
Tab. 3.4: Polymerization data for 7t-4 .
number -4 T 60°C
solvent DMF nm/ng 1/3
monomer NIPAm M 4.30mol L™
RAFT agent p-4 crapT  2.58 x 107> mol L7
initiator AIBN Cini 1.08 x 10> mol L™
-4 RI detector UV detector
tinh Xy, Mpyint H MyinEt b
c 450 1000 1.09x10° 138 8.50x10* 1.57
d 6.08 0.750 8.16x10* 159 4.18x10* 2.10
e 8.00 1.000 9.75x10* 149 5.87x10* 1.95
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Tab. 3.5: Polymerization data for 7t-5 .

number -5 T 60°C
solvent DMF nv/ns 1/2.86
monomer NIPAm oM 4.51molL™!
RAFT agent p-4 CRAFT  2.86 x 1073 mol L™
initiator AIBN Cini 1.58 x 10> mol L™!
-5 RI detector UV detector
tinh XM,NMR Mu in ﬁ D Mn in ﬁ D
b 2.00  0.050 1.26 x10*  1.92 - -
c 3.00  0.160 3.29 x10*  1.58 - -
d 5.00  0.350 8.04x10* 138 523x10* 177
e 7.00 0590 7.96x10* 153 3.16x10* 2.59
f 10.0 0.650 7.71x10* 166 4.02x10* 2.26
Tab. 3.6: Polymerization data for 71-6 .
number TT-6 T 70°C
solvent DMF ny/ng 1/2.90
monomer NIPAm oM 4.46molL!
RAFT agent p-4 CRAFT  2.82x 1073 molL™!
initiator ACVA Cini 1.41 x 1073 mol L™
-6 RI detector UV detector
tinh XM,NMR Mn in miol D Mn in miol D
a .00  0.420 6.75x10* 146 4.84x10* 1.71
b 2.00  0.660 6.17x10* 167 2.85x10* 2.29
c 3.00  0.850 6.36 x10* 170 2.56 x10* 2.45
d 5.00  0.900 5.48 x10* 1.87 1.96 x10* 2.60
e 7.00  0.950 6.10x10* 1.86 1.85x10* 2.83
f 10.0 0.970 5.03x10* 2.09 1.64x10* 3.07
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Tab. 3.7: Polymerization data for 7t-7 .

number -7 T 65°C
solvent DMF num/ng 1/2.88
monomer NIPAm oM 4.48molL™!
RAFT agent p-4 crarT  8.89 x 10 mol L™}
initiator ACVA Cini 1.54 x 10> mol L™!
-7 RI detector UV detector
tinh XM,NMR Mn in ﬁ D Mn in ﬁ D
a 1.00 0.420 3.79x10* 114 3.74x10* 113
b 2.00 0.660 433x10* 119 4.08x10* 1.24
C 4.00 0.850 3.82x10* 134 3.02x10* 1.60
d 5.00 0.900 3.67x10* 139 321x10* 1.54
e 7.00 0950  4.06x10* 134 2.95x10* 167
f 10.0 0.970 472x10* 1.37 3.35x10* 1.78
Tab. 3.8: Polymerization data for -8 .
number -8 T 65°C
solvent DMF nm/ns 1/2.89
monomer NIPAm oM 4.47 mol L™
RAFT agent p-4 CraFT  2.31x1072 mol L™
initiator ACVA Cini 1.61 x 107> mol L™!
-8 RI detector UV detector
tinh XM,NMR Mn in miol D Mn in miol D
b 2.00  0.370 1.49 x10*  1.20 1.44 x10* 1.20
c 3.00  0.670  2.20x10* 1.21 2.21x10* 1.20
d 5.00 0.750  2.58x10* 115 2.52x10* 116
e 7.00 0.880  2.79x10* 116 2.63x10* 123
f 10.0 0.930  2.62x10* 1.26 2.46x10* 1.34
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Tab. 3.9: Polymerization data for 7t-9 .

number -9 T 65°C
solvent DMF nv/ng 1/3.21
monomer NIPAm oM 4.02mol L™
RAFT agent p-5 crarr  1.87 x107>mol L™}
initiator ACVA Cini 2.57 x 10~* mol L™}
-9 RI detector UV detector
tinh XM,NMR Mu in ﬁ D Mn in ﬁ D

a 500  0.580 2.74x10% 116 2.68x10* 118

Tab. 3.10: Polymerization data for 7t-10 .

number 7-10 T 65°C
solvent DMF nm/ng 1/2.97
monomer NIPAm oM 4.35mol L~}
RAFT agent p-5 CrRAFT  2.08 x 1072 mol L™
initiator ACVA Cini 1.50 x 107> mol L™}
7T-10 RI detector UV detector
tinh XM,NMR Mn in ﬁ D Mn in ﬁ D

a 6.00  0.820 317 x10* 110 3.21x10* 110
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Tab. 3.11: Polymerization data for 7t

MB_jy

number ™B_11 T 60°C

solvent DMF nyv/ns 1/3

monomer NIPAm oM 4.30molL™!

RAFT agent  p™P-8 CRAFT  8.61 x10™* mol L™}

initiator AIBN Cini 2.37 x 10> mol L™!

™B_11 RI detector UV detector
tinh Xyg Myin-%, D Myints D by
b 3.05 0.460 9.08x10* 1.68 9.00x10* 171 3.00
c 463 0.760 8.46x10* 1.82 8.58x10* 177 -
d 6.92 0880 7.35x10* 178 7.19x10* 183 -
e 8.63 0.940 7.63x10* 170 7.59x10* 1.73 1.65
Tab. 3.12: Polymerization data for T™B-12 .

number nMB_12 T 60°C

solvent DMEF ny/ng 1/3

monomer NIPAm oM 4.30mol L™!

RAFT agent  p™B-8 craAFT  4.30 x 1074 mol L™}

initiator AIBN Cini 2.15x 10 mol L™

MB_12 RI detector UV detector
tinh Xyg Myin%, D Myint. D by

b 3.45 0.340 1.03x10° 139 9.77x10* 154 -
C 522 0.590 110x10° 166 110x10° 1.64 1.89
d 6.63 0.660 1.02x10° 1.68 1.02x10° 170 1.74
e 7.80 0.640 1.01x10° 1.63 1.03x10° 167 166
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Tab. 3.13: Polymerization data for T™B-13 .

number nMB_13 T 60°C
solvent DMF nm/ns 1/3.5
monomer NIPAm M 3.69mol L}
RAFT agent  p™P-8 crarr  1.84 x 10> molL™!
initiator AIBN Cini 1.84 x 107> mol L™
™B_13 RI detector UV detector
tinh  Xmg M, in miol b M,in miol b by
a 200 - 1.05x10* 1.68 9.55x10° 190 -
b 5.00 - 9.04x10* 190 9.18x10* 1.84 3.62
c 835 - 6.95x10* 169 7.12x10* 1.67 -
Tab. 3.14: Polymerization data for TMB-14 .
number nMB_14 T 60°C
solvent DMF ny/ns 1/2.5
monomer NIPAm M 5.12mol L™
RAFT agent  pMB-8 craFT  4.13x1073molL™!
initiator AIBN Cini 2.07 x 10~ mol L™}
™B_14 RI detector UV detector
tin h XM,NMR Mn in ﬁ b Mn in mgol b Ecl
b 308 0.070  7.98x10° 149 8.33x10° 143 -

c 500  0.490  4.60x10* 2.09 4.60x10* 215 -




84

Chapter 3 Substances

Tab. 3.15: Polymerization data for TMB-15 .

number ™B_15 T 60°C
solvent DMF nv/ns 1/2.5
monomer NIPAm oM 5.17molL™!
RAFT agent  p™P-8 crarr 413 %1073 mol L!
initiator AIBN Cini 2.07 x 103 mol L™}
™B_15 RI detector UV detector
tinh Xuynur Mpin-5. D Myin-% D by
a 2.60  0.050 6.35x10° 173 6.29x10° 179 -
b 5.53  0.120 1.79 x10*  1.33  1.84x10* 133 -
c 9.87 0530  4.38x10* 221 4.03x10* 2.36 4.02
Tab. 3.16: Polymerization data for 7TMB-16 .
number ™B_16 T 60°C
solvent DMF nm/ns 1/2
monomer NIPAm oM 6.46molL!
RAFT agent  pMB-7 CrarT  7.75x 1073 mol L7}
initiator AIBN Cini 2.58 x 1073 mol L™}
™B_16 RI detector UV detector
tinh Xynmur Main-%, D M,int D by
a 2.62 0.330 7.11 x 10% .73 6.92x10* 177 2.92
b 565 0.770  8.87x10* 179 9.17x10* 178 -
c 9.87 0.880  9.34x10* 171 9.83x10* 167 178
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Tab. 3.17: Polymerization data for 7v

MB_j7

number MB_17 T 60°C

solvent DMF nm/ns 1/6

monomer NIPAm oM 2.15molL!

RAFT agent  p™P-8 crapr 129 x 1073 mol L™!

initiator AIBN Cini 8.61 x 10 *molL™!

MB_17 RI detector UV detector
tinh Xyg Myin-%, D Myints D by
a 423 0.040 113x10* 3.44 7.79x10° 191 -
b 7.97 0.360 541x10* 1.78 5.63x10* 1.75 5.45
c 147 0.710 554x10* 172 554x10* 179 3.19
Tab. 3.18: Polymerization data for TMB-18 .

number nMB_18 T 60°C

solvent DMF ny/ng 1/6

monomer NIPAm oM 2.15mol L™!

RAFT agent  pME-9 crarr  1.29 x 10> mol L !

initiator AIBN Cini 8.61 x 10™*mol L™!

MB_18 RI detector UV detector
tinh Xyg Mpyin-%, D M,int. D by

a 423 0380 595x10* 1.60 5.66x10* 1.65 4.22
b 7.97 0.420 5.20x10* 168 5.20x10* 176 2.28
C 14.7 0.480 5.17x10* 1.48 5.41x10* 1.48 2.18
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jected directly to SEC analysis. For polymer samples 7t-1c and 7t-2 d, the reaction
was scaled up by the factor of 4. Here, the work-up was done by repeated precipita-
tion and redissolving as described above for the polymerizations.

3.2.7 Synthesis of AuNPs

3.2.7.1 Gold nanocrystals ,v-3 by reduction with citrate

Several batches of gold sol were prepared in principle according to the literature-
known procedure.'!”! The reaction was performed in different scales but identical
relative amounts. Below, the values for 630 mL of ,iv-3 are given.

All glassware (including stoppers and stirring bar) was cleaned very thoroughly
with aqua regia and then rinsed repeatedly with ultrapure water before use. Then
a solution of hydrogen tetrachloroaurate trihydrate (118 mg, 0.300 mmol, leq.) in
600 mL of ultrapure water (prepared by diluting a stock solution of higher concentra-
tion) was boiled under reflux for 30 min under vigorous stirring (1200 revolutions
per minute). Then a hot (» 90 °C) solution of sodium citrate tribasic dihydrate
(344 mg, 1.17 mmol, 3.9 eq.) in 30 mL of ultrapure water was added, leading to char-
acteristic changes in color (from yellow to colorless, to dark blue, and to orange red).
After 30 min of further stirring, the reaction was allowed to cool to room tempera-
ture. After every reaction, an optical spectrum was measured and the AuNP from
5mL of the prepared sol were extracted into chloroform containing octadecylamine
following the procedure described in Section 3.2.8.1 and analyzed via TEM, in order
to be sure that AuNP with the same quality and size distribution were obtained in
each batch. The colloidal gold sols were stored in polypropylene centrifuge tubes in
the dark at room temperature.

3.2.7.2 Two-phase Brust-Schiffrin sythesis of
2-phenylethanethiolate-protected gold nanoclusters 225v-5

The low-temperature protocol from Zhu et al.l'8! (2008) was followed, only scaled
up by the factor of 5. A dark-brown solid was obtained. (Attention: 2-phenylethane-
thiol has an extremely aggressive odor!)

3.2.7.3 One-phase Brust-Schiffrin synthesis of
hydroxyl-functionalized gold nanoclusters IA’EVOH—6

This reaction resembles in principle the original one-phase Brust-Schiffrin synthesis
protocol.l'”!
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Hydrogen tetrachloroaurate(III) trihydrate (1.20g, 3.05mmol, leq.) was dis-
solved in 1L of methanol. 4-mercaptophenol *"A°"-4 (916 mg, 7.26 mmol, 2.38 eq.)
and 12 mL of acetic acid were added. Then, a solution of sodium borohydride (1.81g,
47.9 mmol, 15.7 eq.) in 80 mL of ultrapure water was added dropwise under vigor-
ous stirring at room temperature. The solution turned dark brown. After stirring
for 50 min, the solvent was removed by rotary evaporation not exceeding the tem-
perature of 40 °C. The dark brown residue was redissolved in a mixture of 80 mL of
methanol and 450 mL of acetaldehyde and washed with ultrapure water (3x800 mL).
The organic phase was dried over sodium sulfate, concentrated by rotary evapora-
tion, and washed with copious amounts of diethyl ether on a fritted-glas funnel. The
thus obtained gold nanoclusters 'Yv®"-6 were stored in dry form (dark brown
wax) at -18 °C.

The identical reaction was repeated thrice with varying amounts of 3-mercapto-1-
propanol (2.1eq. or 2.5 eq.) as thiol without formation of a stable colloid.

TH-NMR (300 MHz, acetone-dé6): § = 7.43-6.66 (m, 4 H, 4 x ~C H=) ppm.

Elemental analysis: 18.45%C,7.47%S,1.48% H
(pure SPACM_4:57.11% C, 25.41% S, 4.79 % H).

3.2.7.4 One-phase Brust-Schiffrin synthesis of
2-phenylethanethiolate-protected gold nanoclusters 25v-7

The protocol from Wu et al.?°! (2009) was followed, only scaled up by the factor of
2. A dark-brown solid was obtained.

NH

3.2.7.5 Synthesis of gold nanocrystals ~,2v-8 with oleylamine

This reaction was performed several times with different absolute, but identical
relative amounts of reagents. By way of example, one exemplary reaction procedure
is given here. It resembles in principle the reaction presented by Hiramatsu and
Osterloh?!) (2004). The amounts of oleylamine were corrected based on the purity
indication of the supplier.

To a solution of oleylamine (5.43 mL, 3.31 g, 16.5 mmol, 55 eq.) in 98 mL toluene,
boiling under reflux, a solution of hydrogen tetrachloroaurate trihydrate (118 mg,
0.300 mmol, 1 eq.) and oleylamine (2.96 mL, 2.41g, 9.00 mmol, 30 eq.) in 2mL of
toluene was added. The mixture was further stirred under reflux for 165 min. The
color changed from colorless to pink and eventually to deep red. The reaction
mixture was then cooled to room temperature.
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3.2.8 Functionalization reactions

3.2.8.1 Amine-functionalization and transfer of citrate AuNP Aﬁiv°da—4
This reaction was originally presented by Karg et al.1??! (2011).

A certain volume of the gold sol 2v-3 prepared by citrate reduction (see Sec-
tion 3.2.7.1) was added to /3 of that volume of a 0.75mmol ™! solution of octa-
decylamine in chloroform in a sealable container. The container was closed and
directly heavily shaken for 1 min. Hereafter, the aqueous phase had turned colorless
and the organic phase had turned deep red. The aqueous phase was separated and
discarded.

This reaction was performed several times with different absolute amounts. Typi-
cally, 5mL of gold sol ,v-3 were used for the TEM analyses and up to 700 mL of
gold sol Siv-3 were used to prepare the amine-functionalized AuNPs as precur-
sor for functionalization reactions. When indicated in the text, this reaction was
performed with toluene instead of chloroform, but otherwise identically.

3.2.8.2 Immobilization of p?*~2 on Siofzsv—I

The same procedure was performed which had been used in previous work.2324
The fumed silica (10 g) was dissolved in 300 mL of toluene. A solution of the RAFT
agent p?*-2 (0.66 mmol) in toluene was added dropwise. After addition of a
small amount of maleic anhydride in water, the mixture was stirred for 3h at room
temperature. The solvent was removed under reduced pressure and the product
*P2*_1 was washed with dichloromethane in a Soxhlet apparatus.

3.2.8.3 Immobilization of p>~1 and p'-3 on Siglzv—Z

The silica nanoparticles ;" v-2 (1g) were transferred from methanol to 50 mL of
1,2-dimethoxyethane by centrifugation and redispersion. The RAFT agent p>-1

with a trimethoxysilyl group (0.165 mg, 0.5 mmol) or the RAFT agent p'-3 with
a monofunctional anchor group (0.165 mg, 0.5 mmol) was added dropwise under
vigorous stirring. Then, a small amount of maleic anhydride was added and the
mixture was stirred for 36 h at room temperature. The functionalized nanoparticles
"PP3_2 and "BP'-3 were purified by repeated centrifugation and redispersion in
acetone (3 x).

3.2.8.4 Ex-situ two-phase Brust-Schiffrin synthesis

This protocol is based on publications by Manna et al.!?! (2003) and Zhou et al.!°!
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(2007). The absolute amounts for the reactions with each ligand were different. The
absolute values given here refer to one reaction with p—4 . For the other reactions
the equivalents of the respective ligands are given.

To a solution of hydrogen tetrachloroaurate trihydrate (236 mg, 600 pmol, 1eq.)
in 100 mL of ultrapure water was added a solution of tetraoctylammoniumbro-
mide (1.31g, 2.40 mmol, 4 eq.) in 100 mL of toluene. The mixture was stirred vig-
orously for 30 min at room temperature. Hereafter, the previously yellow aque-
ous phase had turned colorless and the upper organic phase had turned deep
red. The lower aqueous phase was removed with a syringe. Under vigorous stir-
ring, a solution of sodium borohydride (0.182g, 4.80mg, 8eq.) in 25mL of ul-
trapure water was added drop by drop. The solution was stirred for another 3h
in an argon atmosphere at room temperature and then washed with ultrapure
water (3 x 100 mL). Afterwards, the organic phase was added to a solution of 2-
(dodecylthiocarbonothioylthio)-2-methylpropanoic acid p-4 (438 mg, 1.20 mmol,
5eq.) or 5eq. of 11-mercaptoundecanol *"A°"-7 or 5eq. of 1-azidoundecane-11-
thiol S"AN:-9 or 0.1 eq. of polyfunctional RAFT agent pM®-8 . in 100 mL of toluene
under sonication and the reaction mixture was stirred overnight in an argon at-
mosphere at room temperature. The solvent was removed under reduced pressure
and the black solid residue was washed with methanol (S"A°H-7: toluene) on a
glass frit. The AuNPs were redispersed in chloroform (SHACH_7 . DMF) and the
solution was centrifuged for 3h to remove potentially existing larger aggregates.
The thus prepared AuNPs 2¢PSyTTC 11, 2¢psyOH_g 2¢bsyNi_10 and 2¢PsyMB_1
were stored in dried form at —18 °C.

3.2.8.5 Thiols on citrate gold nanoparticles ,'v-3

This procedure is described exemplarily for S*A®H-8 as ligand.

To 8 mL of the as-prepared citrate gold sol ,v-3 (containing approximately
0.7 mg gold) in a polypropylene centrifuge tube, a solution of (11-mercaptoundecyl)-
tetra(ethylene glycol) (6.9 mg, 18 umol) in I mL of ultrapure water was added. The
mixture was incubated overnight in the dark and the functionalized AuNPs were
purified by three centrifugation-redispersion steps (first step, ultrapure water, 8 h,
0°C; second and third step, methanol, 8 h, -5 °C).

3.2.8.6 Polymers on citrate gold nanoparticles ,v-3

The functionalization reactions were conducted in 50-mL polypropylene tubes under
sonication at room temperature. A solution of 30 mg of the respective polymer
(see Tables 8.1, 8.2, and 8.3) in 10 mL of ultrapure water (,,«™"-19, in 15mL of
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ultrapure water; ,,k™®-18 , in a mixture of 5mL of ultrapure water and 5mL of
methanol) was added to 40 mL of gold sol ,-v-3 (containing approximately 3.8 mg
of gold) and incubated overnight in the dark at room temperature. The polymer-
functionalized AuNP were separated from excess polymer and sodium citrate by
three centrifugation-redispersion steps (first step, ultrapure water, 8 h, 0 °C; second
and third step, methanol, 8 h, -5 °C). In some cases, the redispersion needed to be
aided by sonication. The functionalized AuNP were stored in methanol in the dark
at room temperature. For the SEC analyses, the same functionalization procedure
was carried out, only that methanol was replaced with DMAc.

3.2.8.7 Surface polymerizations

The procedure was identical to the second described way in Section 3.2.6.1. The
polymer-functionalized fumed silica $k?**~1 was isolated from solution polymer
by Soxhlet extraction. The polymer-functionalized silica nanoparticles "2k'-2
were isolated by repeated centrifugation and redispersion in acetone. The detailed
polymerization conditions can be found in Tables 7.1 and 7.2.

f82*_1 (a-f) and sam-

Recovery of the surface-bound polymer Samples
ples "2k'-2 (b, ¢, and e) were dispersed in THF in plastic tubes. Hydrofluoric
acid (40 % solution in water) was added and the mixture was stirred for 3h. The
mixtures were poured in aluminum dishes. After they had dried, the samples were

redispersed in THE, filtered, and subjected to SEC analysis.!?”!
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Results

This is the main part of this thesis, where all results are presented and discussed.
First, in Chapter 4, general methods to interpret and analyze the images from
transmission electron microscopy and atomic force microscopy are described. The
next Chapter deals with the design and the analysis of the building blocks which
were used for the experiments in the ensuing chapters. In Chapter 6, the cloud-
points of aqueous solutions containing the pNIPAm samples are examined with
high-pressure experiments. The synthesized anchor RAFT agents are used in poly-
merizations from silica surfaces in Chapter 7, followed by Chapter 8, where the
smart nanohybrids formed by combining the prepared AuNPs and the pNIPAm
samples are studied. Future perspectives building on these results are outlined in
Chapter 9 and, ultimately, Chapter 10 provides concluding comments.



Chapter 4

Analysis of microscopic images

This chapter is dedicated to two microscopic techniques which work on the nanome-
ter scale: transmission electron microscopy (TEM) and atomic force microscopy (AFM).
Micrographs obtained with these techniques play a pivotal role for several discus-
sions in this work. In order to gather the information in one place, make it easier
to find, and to not interrupt the flow of the further text, the general workflows
to acquire and process the images and extract the desired data and information
from them will be explained here. Additionally, the explanations for typical features
visible in several unrelated micrographs in the rest of the thesis will be given.

4.1 Analysis of transmission electron
micrographs

4.1.1 General information obtained by TEM

The resolving power of any wide-field irradiation microscope has a theoretical Abbe
diffraction limit of about the half wavelength of the used radiation. That means
that light microscopes are restricted to a resolution of about 250 nm. They are well
suited to visualize animal cells (» 10 um) or bacteria (» 1 wm), but not the nanos-
tructured systems studied in this work. An electron microscope takes advantage of
the fact that the wavelength of electrons which are accelerated by a high voltage is
by orders of magnitude lower than that of visible light and thus makes the nanoscale
accessible. Apart from the type of the used radiation, the setup is very similar to
that of a classic transmission light microscope. As a result, the specimen must
be transparent to electrons and thus very thin (<100 nm). The best transmission
electron microscopes have reached resolutions of below 0.05 nm. Even the TEM
imaging of double stranded A-DNA fibers, revealing the double-helix structure, has
recently been presented by Gentile et al.'!! (2012). That makes analysis via TEM a
standard technique in nanoparticle research, although it is not common in pure
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chemistry. (Another type of electron microscopy—scanning electron microscopy,
SEM—is used in Section 7.1.3.) In this work, all TEM specimens were prepared by
drop-casting: a drop of the nanoparticle sample in colloidal solution was placed on
a copper grid coated with a film of amorphous (= structureless) carbon (10-15nm)
as a substrate and it was waited until the solvent had evaporated. The amorphous
carbon film is highly transparent to electrons.

For AuNPs, which were the subject of most TEM analyses in the presented
work, rough information about their shape and size can also be acquired with
different indirect spectroscopic,!?! chromatographic,®! and scattering!**! methods.
In particular, optical photospectroscopy exploiting the plasmon resonance effect
(see Section 1.2.3.2) was used as fast and easy method for AuNP analysis in this work.
It can be seen as complementary to TEM as it does not suffer from the problem
that only separated spots of the specimen, which may not be representative, are
visualized. It quickly gives information on collective properties such as the degree of
aggregation. On the other hand, some samples in this work featured almost identical
optical spectra (in the same solvent), but had a completely different appearance
under the TE microscope. Only with TEM, true size and shape distributions with
assessment of the homogeneity (see Section 4.1.4) are accessible (in addition to the
satisfying situation of actually “seeing” the studied samples). Moreover, particles
that are smaller than 1nm or bigger than 200 nm and non-metal impurities are
invisible in the optical spectrum, and it is very dependent on the used solvent. The
structure of complex nanocomposites can almost exclusively be elucidated with
TEM.

The general set-up of a transmission electron microscope and the two major
operation modes, which differ in the strength (focal width) of the intermediate
lens, are illustrated schematically in Figure 4.1. This work features lots of images
taken in imaging mode, in which the image plane of the objective lens, where
beams with all angles that come from the same point of the specimen meet again, is
magnified, leading to a triply magnified image on the screen. A magnified projection
of the examined samples is obviously most useful for the analysis of functionalized
nanoparticles. But also the diffraction mode gives useful information, namely on
the crystallinity of the analyzed particles. This shall be demonstrated exemplarily
here for AuNPs ,v-3 from citrate reduction, since the results are generally the
same for all examined gold nanocrystals. (More information and images for ,v-3
can be found in Section 5.1.2.) In diffraction mode (Figure 4.1 right), the back
focal plane of the objective lens, where all beams which were scattered from the
specimen with the same angle are focused to one point, corresponds to the image
plane of the intermediate lens and a doubly magnified diffraction pattern can be
observed on the screen. The diffraction pattern for gold nanocrystals ,9v-3 is
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Fig. 4.1: General set-up of a transmission electron microscope, showing the two major operation
modes. In imaging mode (same color for beams from same spot), a 3 x magnified image is
projected on the screen, in diffraction mode (same color for beams with same angle), a 2 x
magnified diffraction pattern is produced.

shown in Figure 4.2. In this image, the central spot is blocked by a beam stopper.
The visible diffraction pattern is caused by the scattering of electrons by the gold
atoms in the polycrystalline AuNPs.!®! Because of the large number of different
orientations of the crystal planes to the electron beam (polycrystalline particles in
random orientations), the Bragg reflexes appear on concentric circles. The radial
intensity distribution which was calculated from the whole image, is shown as
white overlay. This distribution corresponds clearly to a face-centered cubic (fcc)
lattice. On the right of Figure 4.2, the lattice planes—defined by the Miller indices
h, k, and I—were assigned to the individual peaks based on their relative positions.
(Reciprocal space: Planes with higher distance give reflexes closer to the center.) An
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Fig. 4.2: Diffraction pattern of polycrystalline AuNPs ,Siv-3 with radial intensity distribution as
overlay in white. A beam stopper is visible blocking the central spot. The reflexes are assigned to
the Miller indices A, k, [ of the corresponding planes of the face-centered cubic (fcc) lattice. The
dashed, blue circle indicates the position of the objective aperture for the image in Figure 4.5b.

identical diffraction pattern was observed for all gold nanocrystal samples. All gold
nanoclusters such as for example X’EVOH—S (see Section 5.1.3.2) did not exhibit a
diffraction pattern different from the empty carbon film. This shows very well that
the occurrence of a plasmon resonance signal is correlated to the conduction band
of gold atoms being arranged in a (fcc) lattice (see Section 1.2.3.2).

To also calculate the lattice constant from a diffraction pattern as in Figure 4.2,
the instrument would have had to be calibrated with a reference substance before,
which was not the case. However, that the particles were really composed of gold is
not only clear from the context and their high contrast, but could also be evidenced
by the emitted characteristic X-rays that can be detected with the energy-dispersive
X-ray (EDX) detector when particles are in the electron beam. Figure 4.3 shows
the EDX spectra of an empty spot in comparison with a spot with AuNPs. The
energy of the X-ray signals is characteristic for the atomic structure of the atom
from which it was emitted, as it equals the energy difference between particular
shells. The electron beam stimulates the emission of characteristic radiation. Here,
the signals can be clearly assigned to gold (Cu: carrier grid, Si: grease).
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Fig. 4.3: Energy-dispersive X-ray spectra with and without AuNPs in the electron beam. From
the emitted characteristic X-rays, it can be deduced that the particles are composed of gold. Here,
the actual sample is ,SvOH-13 (see Section 8.2.1.2). Three corresponding micrographs can be
seen in Figure 8.6.

In imaging mode with only the selected area aperture in the electron beam, the
Bragg reflexes appear as bright spots which move over the image when the focus
is adjusted. In order to remove the overlying reflexes from the image, an objective
aperture can be inserted in the back focal plane of the objective lens (see Figure 4.4),
so that only the central beam in the diffraction pattern can pass, leading to reflex-free,
contrast-enhanced bright-field images. If not stated otherwise, all TE micrographs
in this work were recorded with this configuration. Such a bright field image of
AuNP sample ,v-3 is shown as micrograph (a) in Figure 4.5. (The circle around
the image is the selected-area aperture. It was inserted in the image plane of the
objective lens to ensure that all signals come exclusively from the same selected
spot.) A characteristic formation of several magnified gold nanocrystals can be
seen. The crystal planes of the different homogeneous crystal regions have different
orientations to the electron beam and appear darker or brighter, leading to the
patterned look, which is typical for polycrystalline particles. Furthermore, regions
are darker where the particles overlap. Since their projections are close to circular,
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Fig. 4.4: Alignment of electron beam path and objective aperture for different types of TEM
imaging modes (compare with Figure 4.1). 6 denotes the diffraction angle. The scattered beams
are shown in red, the unscattered beams in blue. The recorded images corresponding to these
schematics are shown in Figure 4.5.

it can be deduced that the particles have approximately spherical shape.” If the
objective aperture is shifted so that now the central beam is blocked in the diffraction
pattern and only scattered electrons are let through (position indicated by dashed,
blue circle in Figure 4.2), the reflexes form a so-called displaced-aperture dark-field
image (Figure 4.5b). Due to oft-axis aberrations, this micrograph looks somehow
distorted. It can be improved by tilting the electron beam over the specimen instead,
so that now the scattered electrons go through the center of the objective lens
and the centered objective aperture (compare again Figure 4.4). Such a centered
dark-field image is shown in Figure 4.5¢c. The characteristic AuNP formation can
be recognized again. Dark-field images are for example very helpful to identify
crystalline in mixtures with non-crystalline nanoparticles.

4.1.2 Alteration of samples in the microscope

In a TE microscope the sample is inherently heated by the high-energy electron
beam. It has to be noted that this effect can change the sample in the observed

*Theoretically, oblate spheroids are projected to circles as well, only the projection of a prolate spheroid
is an ellipse.
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Fig. 4.5: Micrographs of AuNPs (sample ,5v-3, see Section 5.1.2) in different imaging modes.
The electron beam paths in these modes are illustrated schematically in Figure 4.4. The postion
of the aperture for the second image is indicated as dashed, blue circle in Figure 4.2. For the
other two images, the objective aperture was placed around the central beam. In the bright-field
micrograph, the selected-area aperture is visible (circle). The spot (and scale) is the same for all
three micrographs.

spot. Melting/fusion was observed for silica nanoparticles and small AuNPs. It
is demonstrated in Figure 4.6 for silica nanoparticles ;' v-2 . They are used for
surface polymerizations in Section 7.2. Micrograph (a) was taken immediately
after selection of the spot. The particles in this image are larger than the AuNPs in
Figure 4.4 but they appear brighter nevertheless. The interaction of matter with the
electron beam scales roughly with the atomic number squared and silica produces
less contrast than gold. The same effect makes it very hard to visualize organic
polymers in the presence of metal particles. The visible particles in the figure appear
darker in the center, because here the electrons pass a longer path through the
material than on the edges. Notably, there is no spacing between the visible particles.
The micrograph in Figure 4.6b shows the same spot after approximately 5min of
irradiation. Fusion of molten particles can be seen.

The coalescence of two silica surfaces (with the silicon atoms Si; and Si,) can
occur according to three sintering mechanisms:!”’

Si,~O~Si, + Si,~0-Si, — Si,~O—Si, + Si;~0-Si, (4.1)
Sil—O—Sil + Si2_0_5i2 + HQO —_— Sil_O_Si2 + S|1_OH + Si2—OH, or (42)
Si,~OH + Sip~OH — Si;~0-Si, + H,0. (4.3)
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(a) image taken directly (b) longer exposure to electron beam

Fig. 4.6: “Melting” and fusion of silica nanoparticles ;65 v-2 under the electron beam. The same
spot was irradiated for approximately 5 min.

Considering that the observed fusion takes place in an evacuated TE microscope,
reaction (4.1) and reaction (4.3) seem most likely. It is important to be fast at taking
the microscopic photographs, when such alterations are observed.

4.1.3 Self-assembly of nanoparticles in TE micrographs

In a typical TEM specimen, the nanoparticles are found in really concentrated
regions, lying close to but not on top of each other, while other regions are almost
empty. This effect is often called “islanding”®! For very pure samples, homogeneous
objects may even self-organize into close-packed hexagonal lattices!®! on the carbon
film, so-called “superlattices”.“o’“] In several TE micrographs shown in this work,
islanding or superlattices are visible: Figures 4.7, 5.3, 5.7, 5.10, 7.5, 8.2, 8.6, 8.9, 8.11,
8.10, and 8.18.

Three different reasonable mechanisms explaining the described behavior can be
discussed. All mechanisms assume the structures to be formed in the process of the
sample preparation by drop-casting, while the solvent is evaporating:

« The nanoparticles are moving around in the droplets by Brownian motion
and repeatedly hit the surface. They need to lose their kinetic energy to come
to a rest. This happens by inelastic collisions with already deposited seed
particles which grow to increasingly larger aggregates by this mechanism.
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« The nanoparticles only settle on the surface after the solvent droplets are com-
pletely evaporated. The positions of the nanoparticle islands are reminiscent
of the positions of the evaporating droplets, in which the nanoparticles are
gradually pushed closer to each other.

 The nanoparticles float on the surface of the solvent droplets where they
cluster together because of attractive forces like van-der-Waals interactions!'?!
or in particular the so-called “Cheerios effect’'¥! which is termed after the
observation that breakfast cereals form islands on the surface of the milk
as a consequence of the irregularity of the meniscus.!'*/ When the solvent
evaporates, these layers are deposited as a whole.

Independent of the explanation, this effect is very helpful to evaluate the distances
in these layers (see Section 8.3.2.1) to gain information on the substances on the
particle surface, and also to evaluate single micrographs with many particles to
extract size and shape distributions, which is shown in the next section. On the
other hand, this phenomenon is also the cause of potential bias since only certain
fractions of a sample might selectively self-organize in these assemblies.

4.1.4 Semi-automatic particle size and shape analysis
4.1.4.1 Extraction of characteristic parameters

For functionalization reactions with nanoparticles, it is crucial to have a detailed
knowledge of their size and shape parameters, such as the surface area S. For exam-
ple, if the examined particles turn out to have a diameter of 6 nm instead of expected
3 nm, one already needs 4 times the equivalents of a surface functionalization agent
for the same nanoparticle mass, since the surface of a sphere scales with the square
of its diameter. A precise diameter distribution is also indispensable to assess the
reproducibility of a synthesis procedure or to check if parts of the material are lost
when it is purified by centrifugation.

The “selective spot problem” inherent in TEM analysis can only be overcome
by examining a large number of particles of a given sample. But this work is so
tedious that it is practically impossible to perform by hand. It will be demonstrated
in the following, how TE micrographs of nanoparticles—exemplarily for the silica
nanoparticles g;" v-2 —can be analyzed semi-automatically, allowing the evalua-
tion of large numbers, so that distributions of several size and shape parameters
can be obtained.
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(a) original image (b) image after preprocessing

(c) image after thresholding (d) measured particles on original image

Fig. 4.7: Demonstration of image processing and evaluation for a micrograph of silica nanoparti-
cles ;6P v-2 . Note that the image is not evenly lit. The scale bar was added as an overlay after the
processing and applies to all micrographs. The image was preprocessed by background removal
(inverted Gaussian) and median smoothing. Micrograph (d) shows the measured particles as
green overlay on the original image. Note that particles on the edge are automatically excluded.
Touching particles were separated by the watershed filter. In total, 506 particles were counted on
this image. The objects colored in yellow were automatically excluded thanks to the circularity
criterion (see Section 4.1.4.2).

The first step is just to take several microscopic photographs featuring many
nanoparticles. For an image to be suitable for the particle analysis, it should meet
the following requirements:

o The image must be representative for the sample. This is especially difficult
since particles of comparable sizes tend to agglomerate with each other.!"”!
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These homogeneous regions must not be given the preference. The selection
of photographed spots is an inevitable human bias, unless the sample is so
densely covered (but still without stacking) that random positions can be
taken. And even randomly taken micrographs can lead to biased distributions
because certain fractions of the sample might preferably be found in larger
assemblies, which are very improbable to hit randomly.

« The image must be taken in a magnification at which the smallest present
particles are visible.!'®!

« The particles on the image must not be altered by the electron beam (compare
Section 4.1.2).

« The objects must not be blurred by a moving image or too high exposure
times. Otherwise they appear to be too large.

o The image must be in focus. Underfocused objects appear smaller than they
really are, because they feature a bright fringe—a so-called “Fresnel” fringe—
around them, which is caused by diffraction on the edge. (The same holds
true for visible objective astigmatism.)

« The image should feature the lowest possible degree of particle overlapping
or stacking. Overlapping particles can seem to be one larger particle (or two
smaller particles when a watershed filter is applied).

An example for a micrograph of silica nanoparticles g;5°v-2, which fulfills the
above listed criteria, is image (a) in Figure 4.7. It was taken with a 53 000-fold
magnification (referring to the native screen).

In the demonstrated workflow, the processing of the images is done using by the
particle analyzer included in IMAGE],” a fully-programmable free and open-source
image-analysis software with a large worldwide user community, originally devel-
oped by Wayne Rasband at the NATIONAL INSTITUTES OF HEALTH in Maryland, US.
Being based on Java, it runs on almost any platform and it can be easily extended by
additional macros and plugins. This program offers some automated features itself,
but they are still quite cumbersome to use, especially since several operations have
to be performed by hand for each micrograph. The work is further facilitated by the
PARTICLE SIZE ANALYZER MACRO FOR IMAGE] (“PSA macro”)’, developed at the In-
stitut Catala de Nanotecnologia* in Bellaterra (Barcelona), Spain, by Ralph Sperling.

*http://rsb.info.nih.gov/ij/
Thttps://code.google.com/p/psa-macro/
*http://www.nanocat.org
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It gives interactive help with setting the scale, performs automatic preprocessing
(background removal and smoothing) and interactive thresholding (division into
black and white pixels). It then activates IMAGE]’s built-in nanoparticle analyzer,
taking into account different exclusion criteria and optionally applying a watershed-
ding (separation of overlapping particles) filter, and processes the acquired data.
The process of image preprocessing by inverted Gaussian background removal and
median smoothing, thresholding, and automatic particle measurement is shown
in images (b), (c), and (d) of Figure 4.7. Eventually, a table is obtained containing
several characteristic parameters for each individual nanoparticle. These can be
directly related to the particles by the numbers written on the processed image
(not shown). This list of parameters is then edited by spreadsheet processing. The
process should be repeated with additional micrographs until the average values of
the parameters no longer change.

4.1.4.2 Explanation, calculation, and interpretation of parameters

Please refer to the documentation on the homepage for information on how to
use the PSA macro. Here, only aspects are explained which are not covered in the
documentation, in particular how the different parameters are obtained, how they
can be interpreted, and what can be calculated from them.

The area A of the measured nanoparticle is calculated directly by counting the
number of black pixels. (The length of the pixels is set in the first step.) From this,
the circle-equivalent (area-equivalent) diameter 2r can be calculated by

2r = 2\/X ) (4.4)
7T

The circle-equivalent diameter is the diameter of the circle with the same area A
as measured for the nanoparticle. In the case of an ellipse, this value would be
equivalent to the mean value of the lengths of major and minor axis.
The sphere-equivalent volume is then calculated from the area A in the same
way:
4

= — A2,
31

Only for perfectly spherical nanoparticles are these functions absolutely accurate.
However, when examining large numbers of nanoparticles, deviations from spher-
ical shape will even out, as long as they are not systematic. In this regard, oblate
spheroids (although very hard to produce) are especially deceptive shapes, since

\4 (4.5)
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they are not distinguishable from spheres in their projection. Oblate spheroids can
possibly be identified when they are erected in aggregates.

The perimeter L is calculated automatically by counting the black pixels adjacent
to white pixels. This value is mainly useful for the calculation of the circularity C,
which is defined as

=—. (4.6)

In the case of a perfect circle, the value would be C = 1. For less circular objects,
it decreases down to a theoretical limiting value of C = 0 for a straight line of
infinite length. The circularity is a powerful exclusion criterion for the automated
analysis, since aggregates, most contaminative objects, and scale bars will have a
lower circularity than spherical particles. Exploiting this fact, it is often possible to
analyze images featuring unwanted particle aggregates and measure exclusively the
individual particles. A minimum circularity of C = 0.8 is a good value for spherical
nanoparticles. Conversely, it might be possible to only analyze the aggregates or
other non-spherical objects by setting a maximum circularity. Note that particles
with a rough surface tend to have a very high perimeter and thus a very low circular-
ity. For the same reason, low-resolution images often produce higher circularities,
because the unevennesses of the surface is not resolved.

Two other shape descriptors are obtained by applying IMAGE]’s ellipse fitting
function. The aspect ratio is the length of the major axis divided by the length of the
minor axis, both referring to the best elliptical fit. The roundness is its inverse value.
Both aspect ratio and roundness can assume values from 1 to 0, 1 being closest to
spherical shape. If these values are systematically different from 1, but with a low
spread, this is a good indicator for prolate ellipsoidal nanoparticles. The solidity s is
the area A divided by the area A, of the convex hull:

A
Acon ‘
The convex hull can be thought of as a rubber band wrapped tightly around the

nanoparticle’s projection. Its area can only be higher than the actual area of the
nanoparticle’s projection:

s= (4.7)

Acon 2 A. (4.8)

The solidity expresses only the roughness of the surface, as opposed to aspect ratio
and roundness, which only describe the general shape. The circularity C is affected
by both the surface roughness and the general shape.

All parameters listed above are determined automatically by IMAGE] and the PSA
macro. Further parameters, which are potentially more important for the function-
alization reactions, are calculated from these values by spreadsheet processing. As
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mentioned above, the surface area S per particle is especially important to know.
Assuming spherical shapes, it is obtained from the circle-equivalent diameter 2r by

S = 47, (4.9)

With regard to surface functionalization reactions, the curvature x of the surface
might be an important factor. For surface curvatures, two different definitions—the
Gaussian curvature kg and the mean curvature x,,—are in use. They are calculated

by

1
KGg = — 4.10
6= (4.10)

and .
Km = E, (411)

assuming spheres.
The masses of the individual nanoparticles are directly obtained from the volumes,
when the nanoparticles’ density p is known:

m=pxV. (4.12)

If the nanoparticles are large enough to be analyzed by the presented method,
their density should almost coincide with the density of the bulk material. For
silica nanoparticles, a density of psio, = 2.65 gcm ™ and for AuNPs a density of
pau = 19.3gcm ™ were used. Once the nanoparticle’s mass is known, the specific
surface S,, is accessible via

Spy = —. (4.13)

The number N, of atoms or, more generally, molecular units of which each
nanoparticle is composed, can be calculated from the particle masses m using the
molar mass M: "

Np=r (4.14)
Finally, the fraction of atoms, or molecular units, situated on the surface of the
nanoparticles Ng is a key value, since it corresponds to the number of available
binding sites in surface modification reactions. Knowing py,, the “planar density” or

number of surface units per area, the formula is
Ns =8 x Pp- (4.15)

The planar density p, sio, of silica, sometimes called “silanol number”, obviously
depends on the exact silica modification. Zhuravlev!"”! (1987) measured Pp.sio,
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for 100 different silica samples with surface areas ranging from 9.5 to 950 gm ™2 by
determining the ratio of the specific concentration of silanol groups (from hydrogen-
deuterium exchange) and the specific surface area (from nonspecific adsorption of
Kr atoms with the Brunauer-Emmett-Teller (BET)!"®! method). For all 100 examined
samples, they obtained values which are very close to the average value of

Ppsio, =4.9x10¥ m™>. (4.16)

This average value is also assumed for the silica samples in this thesis.”

The number of gold atoms per surface area pj, a, can be calculated assuming a
(1,1,1) (hexagonal) gold surface with the lattice constant a. If a rectangle is drawn
on the hexagonal lattice so that one side connects the centers of two adjacent gold
atoms (length: a) and the other side connects these centers with the centers of the
gold atoms in the row after the next one (length: 2a), the area of this rectangle,
a x 2a = 2a’, contains exactly 1 + 4 x § = 2 gold atoms. The planar density pp Ay is

therefore .
P = 22? - % A 121 x 10 m2. (4.17)
After the calculation of all parameters, they can be given in the form of a detailed
histogram with suitable binning (combination into groups for histogram bars), as is
done in the next chapter for AuNP diameters, surface areas, and masses (see 5.5 and
5.6). Usually, it is sufficient to list the mean values along with the standard deviation
0, the most commonly used measure of spread from the average. It is the square

root of the variance of a distribution:

(4.18)

Here, x; are the individual values, X is their average, and N is the total number
of data points. In this work, experimentally determined values are given with a
confidence interval of 2¢ in the form

result =x + 0.

For a normal distribution, 68.27 % of the values lie within this margin. When the
range is doubled, it covers 95.45 % of all values."

To complete this section, all parameters for sample ;3°v-2, extracted from the
micrograph shown in Figure 4.7 and 10 others as described, are listed in Table 4.1.

*Note that not all silanol groups are usually accessible in functionalization reactions.!'"!

'The standard deviation does not express the margin of error here. The confidence region only covers
the spread caused by intrinsically distributed values. The error of measurement is neglected.
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Tab. 4.1: Determined size and shape parameters for sample ;P v-2 . 11 micrographs, one of them
shown in Figure 4.7, featuring a total of 6 257 silica nanoparticles were evaluated.

parameters values

diameter 2r (50 £12) nm
circularity C 0.87£0.04

surface area (8500 + 4 500) nm?
aspect ratio 11+0.1

roundness 0.92+0.08

solidity s 0.95+0.02

mean curvature K, (21£0.7) x 1072 nm™"
Gaussian curvature kg (4.9+£5.3) x 1074 nm™2
volume V (8.1+7.5) x 10* nm?®
particle mass m (21+2.0)x10716 g
specific surface S,, (48 +15)m? g™

SiO, units per particle N, (2.1+2.0) x10°

SiO, units on surface ~2%

4.2 Processing of atomic force micrographs

Atomic force microscopy (AFM) belongs to the group of scanning probe microscopy
techniques. The topographical information is gathered by moving an extremely
sharp tip mounted on a flexible cantilever very closely over the surface. Forces
between the tip and the surface lead to a deflection of the cantilever, which is mea-
sured by a laser being reflected from the top of the cantilever to a photodiode. AFM
allows for the analysis of non-conductive surfaces with a resolution of below 1 nm.
Very recently, de Oteyza et al.l?!! (2013) could provide the very first AFM images
with atomic scale of an actual chemical reaction taking place with formation of co-
valent bonds and Zhang et al.??! (2013) presented the first images of intermolecular
hydrogen bonds. In the more related field of AuNP synthesis, Wei et al.[*! (2012)
were able to monitor and visualize the growth of gold nanorods on a surface using
AFM.

The topographical information is usually represented in the form of a two-di-
mensional height map. Some programs can also produce three-dimensional pro-
jections of the nanosized scene. This representation, with an appropriately scaled
z-dimension that does not distort the image, can provide much more meaningful
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information when nanoobjects are pictured, since one gets a better impression of
their three-dimensional shape and immediately sees if objects are, for instance,
really spherical. However, these images have the inherent drawback that the scene
can only be viewed from a certain angle and distance. One could show the most
information by presenting the AFM scenery in the form of a rotatable and zoomable
three-dimensional object, for example in the supporting information of a publica-
tion. However, no special software should be required on the receiving side.

In the following, a workflow based exclusively on the use of free software” is
presented, which allows the conversion of an AFM image into a three-dimensional
model, which can then be embedded in a PDF file. ADOBE READER is probably
already installed on the majority of personal computers, independent of the used
platform. This program actually includes an integrated and very sophisticated
interactive viewer for three-dimensional models.

The workflow starts with Gwyppion," a multi-platform software for the process-
ing, visualization, and analysis of data from scanning probe microscopy techniques.
This program has established itself as the standard software for AFM image pro-
cessing, similar to IMAGE] for transmission electron microscopy. It can open AFM
data recorded with almost any AFM control program. With GwyYDDION, the AFM
image can be opened, manipulated as desired, and then exported as an ASCII data
matrix of z values separated by spaces (export as data type: “. txt”). Within this
thesis, a PYTHON script is provided, which was written in collaboration with Mar-
tin Eggers.* Applying this script, a polygon mesh (a collection of vertices, edges
and faces) in the form of a .obj file can be created from the .txt file output
from GwypbIoN. The complete code of the conversion script can be found in
Appendix A of this thesis. The script can also be downloaded as extra material from
http://extras.springer.com/.

Having navigated to the folder where the script is located and possessing the neces-
sary rights (“chmod +x AFMconvert.py” on UNix-like systems), the script can be
executed with “. /AFMconvert.py [file-to-convert].txt --[option]”

The optional arguments are:

--help, -h — Shows the help message and exits. No positional argu-
ment needed.

--scale [s], -s [s]- Scaling factor to be applied to the data in z direction.

--size [z], -z [z] - Size of the broader edge of the AFM scan in m.

*Seehttps://www.gnu.org/philosophy/free-sw.html.
Thttp://gwyddion.net
*Martin Eggers, Technical University Miinchen, eggers@in.tum.de.
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(a) graphical export from GwypDION (b) screenshot of 3D object rendered with ADOBE
READER

Fig. 4.8: Demonstration of the conversion of AFM images to three-dimensional meshes. (a) is a
regular height-map export from GwyppION. (b) is a screenshot from the same scene, embedded
as a three-dimensional object in a PDF file, as rendered by ADOBE READER.

--recenter, -r - Adjust origin to match the center of the created mesh.

<

The only argument that is normally needed is “--size”. If it is not provided, a
distorted object will be generated. (GwYDDION saves only the z values of the AFM
data. The edge length must be noted by hand, for example as part of the file name.)

The produced .obj file can then be opened in MESHLAB,* the leading open
source mesh processing software, available for all common operating systems. With
this program, the mesh can be further modified—typically slightly smoothed or
reduced in the number of faces—and then exported as .U3D file. Objects of this
type can be embedded in PDF files (supporting informations, slides for talks, ...)
using ISTEX. This way, also the initial view settings or certain camera movements
can be defined.

The process is demonstrated for silica nanoparticles g;3°v-2, which were also
the exemplary objects in Section 4.1.4, in Figure 4.8. They were spin-coated on
glass disks from methanol and measured in peak-force tapping mode. Figure 4.8a
is a normal graphical height-map export from GwypbION. Figure 4.8b shows a
screenshot from ADOBE READER rendering the three-dimensional object embedded
in a PDF file with the standard settings. With ADOBE READER, the object in the

*http://meshlab.sourceforge.net/.
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original file can be rotated and zoomed, the lighting can be changed, and much
more.

Another use of an AFM image converted into a three-dimensional object can
be seen on the cover of this thesis. The cover illustration was created by import-
ing a .obj mesh (from an AFM image showing the nanohybrids ,,k"7¢-14 , see
Section 8.3.2.1) into BLENDER”, a free cross-platform computer graphics program
which can be used for the high-quality rendering of 3D scenes and animations, and
placing the text and the “hairy nanoparticle” on top of it. Using BLENDER, one could
also easily apply textures or materials on the surface or create a video of the rotating
object.

*http://www.blender.org.
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Chapter 5
Building-block design

5.1 Preparation of gold nanoparticles

In order to study AuNPs, they first have to be synthesized. As already described in
Section 1.2.3.2, “gold nanoparticles” is just the umbrella term for particles with funda-
mentally different properties, which in particular depend on their size and the kind
of stabilization and thus directly on the synthesis method. Several liquid-chemical
synthesis methods were performed and surveyed regarding the suitability of the
products for the envisaged functionalization experiments and the experimental
ease of implementation with the accessible equipment. In this section, the results
from these experiments, the characteristic properties of the produced nanoparticles
and feasible analysis methods for them are discussed. In Chapter 8 “Nanohybrids
of gold particles”, the functionalization reactions of the synthesized AuNPs using
coupling reactions on their surface, the study of their interactions with trithiocar-
bonate groups, and the employment in grafting-to reactions with different classes
of polymers will be presented.

5.1.1 General remarks on AuNP synthesis strategies

Because of the high curvature, the gold atoms on the surface of AuNPs are unsatu-
rated and especially reactive. In order to obtain a stable colloid in a AuNP synthesis,
particle aggregation must be prevented. This can be achieved in three fundamentally
different ways:(1-3/*

Electrostatic stabilization: The nanoparticles carry a (remaining) charge, so
that they (or the oppositely charged ligand layers) repel each other. Gold
colloids stabilized in this manner are very sensitive to salts.

*The list only refers to the stability of AuNPs. In order to form a colloidal solution, also a good solubility
is required, which is a different matter concerning the interactions with the solvent.

© Springer International Publishing Switzerland 2015 115
B. Ebeling, Smart Nanohybrids of RAFT Polymers and Inorganic Particles,
Springer Theses, DOI 10.1007/978-3-319-15245-5_5
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Depletion stabilization: Ligands on the particle surface would lose their config-
urational entropy when approaching another nanoparticle. This effect creates
a repellence zone with a width coinciding with the ligands’ lengths. This type
of stabilization may even occur without actual bonds between the ligands
and the nanoparticles, as for instance in polymer solutions.!!

Steric stabilization: The nanoparticle surface is completely covered with ligands
shielding the particle core, so that collisions will not lead to aggregation. The
stabilization might be due to strong bonds between ligands and nanoparticles
or just between the ligands themselves which do not necessarily need to bind
to the surface, for example when they are crosslinked, in a hydrogen-bonded
network.

Often, the stabilization is a combination of the last two types. It is important to note
that steric stabilization is necessary, but not sufficient, to attain AuNPs that can be
precipitated and redispersed.

There are a plethora of different synthesis strategies for stabilized AuNPs. Aside
from infrequently used methods like laser ablation!*~”! of solid gold into liquids or
pulsed spark-discharge with gold electrodes,!®! which follow a top-down approach
and are sometimes termed “physical syntheses”, most synthesis strategies are based
on a bottom-up approach and are often called “chemical syntheses” in this context.
Here, gold(III) ions are reduced in the presence of a stabilizing agent which arrests
the growth at a certain point:

Au®" ions + reducing agent + stabilizing agent —— stabilized AuNPs.  (5.1)

The reducing and the stabilizing agent, which is found on the surface of the produced
Au(0) particles, may be identical.

In the successful synthesis procedures explored in this thesis (all bottom-up),
and in the vast majority of other protocols as well, hydrogen tetrachloroaurate(III)
trihydrate is used as gold precursor. This gold salt is the product of dissolving
elemental gold in aqua regia and concentration of the solution.”!) Tt is extremely
oxidizing and immediately reacts with most metals on contact. It must therefore
be handled using a glass or plastic spatula. With non-selective stabilizing agents,
spherical AuNPs are formed. Other shapes can be produced with special stabilizing
agents. If an agent is used that preferably binds to certain faces of gold, the symmetry
is broken and more advanced structures, such as gold nanorods,'*"*! are formed.

Almost any imaginable reagent has been demonstrated to be suited to pro-
duce AuNPs when added to aqueous solutions of tetrachloroaurate(IIl) in the
above described chemical synthesis. Examples of reduction/stabilizing agents in
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[14,15 [16 [17]

recently published “green” synthesis!'*!*! protocols are fruit (banana,!®! pear,
citrus fruits),®! vegetables (cabbage,[lg] horse gram),[zo] flowers (roses?!!, dai-
sies),??! plant leaves'?®! (almond,**! mahogany;!**! mango,!2¢! olive,*”! semecar-
pus,?®! callistemon,?*! curry tree,**! memecylon),®! (culinary) herbs,**-3! spices
(clove buds,*®! saffron),®”! plant roots (ginseng,**! ginger),** natural gum!®4!
and propolis,'*?! bacteria,[*>**) fungi,[*>~*8] algae,!*! peptides®®! and proteins and
enzymes,°>?! gripe water,!>! butterfly wings,>*! human skin'>*! and hair.*®! The
reduction of gold ions to AuNPs also works in aerosols®”! and Leidenfrost drops.*®!
While this truly shows the ease of stopping the gold particle aggregation in any solid
matrix to produce a red-stained material, most of the thus produced AuNPs are
not suitable to be studied in further reactions, because they possess very ill-defined
shapes and sizes and are impossible to isolate from the stabilizing matter.

Well-defined and dispersible AuNPs are obtained by reduction and stabilization
with negatively charged ions or individual molecules carrying a functional group
that can form a chemical bond with gold, typically thiolates,>*~°%! selenonates,[¢>¢4]
amines, °>%°! or phosphines.!®’~%°! In the following, several AuNP synthesis meth-
ods are explored and the properties of the produced nanoparticles and their suitabil-
ity for functionalization reactions with RAFT agents or polymers are studied. To be
able to perform a coupling reaction on the surface of the AuNPs, it is indispensable
to prepare AuNPs with ligands carrying additional functional groups on their “free”
end, which is a particular challenge in this field, since most standard syntheses
employ decorating agents with plain alkyl chains.l”®”") In this work, it was envisaged
to explore synthesis pathways leading to AuNPs decorated with hydroxyl groups.
This functional group can potentially be used for many different coupling reac-
tions to introduce further functionalities, especially with the RAFT agents carrying
alkoxysilyl anchor groups.

5.1.2 AuNPs via reduction by citrate ions

The synthesis of AuNPs by the reduction of gold ions in a refluxing aqueous solution
by sodium citrate was already invented in principle in 1951 by J. Turkevich and his
co-workers.”477] Major refinements were added by G. Frens”®7°! in the 1970s and
others later.®>8!) Because of these inventors, the method is also termed “Turke-
vich”, “Frens”, or “Turkevich-Frens” method. It is still one of the most widely used
methods with hundreds of studies using these AuNPs for a variety of applications.
There are, therefore, plenty of data for comparison with the results obtained, when
nanoparticles of this type are used.
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1-2 nm clusters submicrometer separated Au(0)
and complexes of aggregates nanocrystals
Au(lll) and Au(l)  of AuNP globules (remaining charge)

different
Au(lll) complexes

Fig. 5.1: Different steps in the synthesis of AuNPs ,5v-3 by reduction with citrate ions. The
characteristic colors reflect the tentatively-formulated transient growth stages. 273!

=

A‘Lly_3 Aci.voda_4 1 6

Fig. 5.2: Photographs of colloidal dispersions of selected AuNP samples. The solvents are water
for -3, chloroform for ,Sv°%2-4 , methanol for 1P$vOH-6 , toluene for Nizv-8 , and DMF
for 2¢P5vOH_9  The AuNP concentration in all photos is around 50 mg L™". See main text for the
meaning of the sample identifiers.

5.1.2.1 Mechanism of formation of citrate AuNPs

After addition of the reducing!®? citrate ions, the AuNP formation proceeds through

several growth steps within minutes,!®*! which lead to the solution assuming very
characteristic colors. It turns from yellow to colorless, to gray/purple, and eventually
to deep orange-red. These steps are illustrated in Figure 5.1. In view of the large
number of studies dealing with this method, the underlying formation mechanism
is only poorly understood. A reaction path has been tentatively formulated,”*!
wherein first, the Au(lll) complexes are almost instantaneously reduced to mixed
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complexes and clusters of Au(lll), Au(l), and Au(0). The citrate ions themselves are
oxidized to acetonedicarboxylic acid,!®”! and likely further to acetic and formic
acid.”® Once a large share of Au(lll) has been reduced, domains are formed in
the rapidly stirred, supersaturated colorless solution, where these structures are
enriched.l”?! Further reduction leads to submicrometer globules containing ag-
gregates of slowly growing AuNPs, arguably by coalescence of small nuclei into
larger particles.*3! This stage corresponds to the purple solution. Earlier postulated
networks of gold nanowires!®! in the purple solution have actually been proven to
be drying artifacts formed prior to the ex-situ analysis. After the breakdown of the
submicrometer aggregates, the sizes of the now separated AuNPs increases rapidly,
until all residual gold complexes are consumed. In the final orange-red solution, al-
most 100 % of the employed gold is found in very homogeneous nanocrystals, which
are predominantly stabilized electrostatically by the remaining positive charge on
their surface.!”!

The citrate ions do not form bonds with the AuNPs, but are merely good trivalent
counter-ions, forming a dielectric layer.!*¥! A photograph of a solution as obtained
from the reaction, labelled sample ,25'v-3, is shown in Figure 5.2.

5.1.2.2 Experimental details for the citrate method

The size of the AuNPs can in principle be increased by lowering the amount of citrate,
but in most cases and also in this work, the lowest obtainable size—around 12-14 nm
in diameter—is targeted, since the shapes of this kind of AuNPs become very irregu-
lar with lower amounts of sodium citrate. For the production of AuNPs with bigger
sizes, the seed-growth reaction starting with seed AuNPs is more advisable.!3-*!

The citrate method was performed frequently within the work of this thesis and
was found to be very delicate and sensitive to seemingly unimportant details. In
fact, several attempts were necessary to establish a detailed workflow, with which
the product could be obtained reproducibly in the desired quality. It turned out
to be necessary to comply with the following practical advice, although not each
factor was examined systematically:

o Freshly purified ultrapure (type I) water has to be used for this reaction.
Regular demineralized water is not sufficient.

o All glassware was thoroughly cleaned with aqua regia prior to any AuNP
synthesis reaction,?! but for this method this is especially important. Each
piece of glassware (including stirring bar and stoppers) has to be cleaned
with freshly-prepared aqua regia for > 60 min and then rinsed with copious
amounts of ultrapure water.
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o The reaction works better when the same glassware is used repeatedly.

« The gold solution should boil under reflux for about 30 min before adding
the sodium citrate and for another 30 min after the solution has turned red.

o It also seemed to be beneficial for the product when the aqueous citrate
solution was heated prior to addition to the refluxing gold solution.

« The gold salt must be dissolved in advance, not directly prior to conducting
the reaction. (It is sufficient to prepare a more concentrated stock solution
which is diluted for the reaction.)

Regarding the last point, it was shown that gold chloride in aqueous solution
consists of different species of [AuCl,(OH),_,]” complexes. It is conceivable that
the chloride anions are replaced slowly by hydroxide anions over time.!*! This is in
line with the experimental finding that the pH value of the gold solutions decreased
gradually to below pH = 3. The fact that the hydroxyl complexes (low x) are needed
for the nanoparticle growth mechanism would indeed explain the necessity to work
with pre-dissolved gold chloride. In this regard, it is noteworthy that the citrate
ions were found to have the third role of a pH mediator (in addition to reducing
agent and capping agent),!*¥! shifting the equilibrium of complexes in the desired
direction. Attempts to tune the process by manually adjusting the pH value, though,
produced no gold colloid at all, neither by thermal nor by ultrasonic initiation.!*>°°/

The extreme sensitivity of the reaction protocol to fine changes also becomes
visible by the fact that nanoparticles with significantly smaller sizes are formed when
the gold solution is added to the solution of sodium citrate.””*!! Also, the addition
of very small amounts of sodium chloride has a dramatic effect,!*”! underlining the
need for ultrapure water.

The maximum gold concentration in the citrate synthesis is very limited and is
apparent simply from the vivid colors of the intermediate species instead of just
black. In a series of experiments the gold concentration was systematically increased
and the products were analyzed as shown in the next section. The gold concentration
of 0.5mmol L™, corresponding to 93 mg L ™! gold content in the final gold sol in the
case 0f 100 % yield, was found to be the upper limit until the homogeneity (especially
the roundness) of the produced AuNPs begins to suffer. Because of this limitation, it
was inevitable to prepare a large number of batches in order to obtain the necessary
amount for the functionalization reactions. This was possible thanks to the very
high reproducibility of successful reactions.

The citrate AuNPs ,'v-3 did not show any sign of alteration, even after months,
when they were stored at room temperature in the dark. But due to the electrostatic
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Fig. 5.3: Comparison of TE micrographs of citrate-prepared AuNPs before (,5'v-3 ) and after
(,Svoda_g) the functionalization with octadecylamine. The samples were drop-cast from a)
water and b) chloroform. The right image is far better suited for particle analysis as it features a
significantly larger number of AuNPs with distinct spacings. Also, in the left image, some particles
overlap.

stabilization, they immediately aggregate irreversibly when any additive is given
to the solution, when it freezes, or when the pH value is adjusted (pH > 13). Water
is the only solvent with sufficiently large polarity to stabilize these AuNPs. They
cannot be transferred to any other solvent, which greatly restricts their field of
application. (Thiol-protected AuNPs, as produced in Section 5.1.3, are far more
stable.) On the other hand, the highly reactive surface makes this type of AuNPs
very suitable for surface-functionalization reactions, since no other bound ligand
has to be replaced.

Other advantages are (i) that the particles have high enough masses to be cen-
trifuged down with the accessible equipment,1°?! although it took hours, which
enables easy purification in functionalization reactions, and (ii) that except for the
sodium citrate no other substances are present in the AuNP dispersion.

5.1.2.3 TEM characterization of citrate AuNPs

Different TE micrographs of the same spot and the diffraction pattern of the citrate
AuNPs ,;v-3 have already been shown and discussed in Section 4.1.1. Another
image can be seen in image (a) of Figure 5.3. The projection of almost all AuNPs
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chloroform

Fig. 5.4: Schematic mechanism of the transfer of citrate AuNPs ,Sv-3 from water into chloroform
and simultaneous surface functionalization with octadecylamine, giving ,5v°92-4 . The reaction
was also performed with toluene in place of chloroform.

was very circular, except for a low number of particles with rounded-triangular
shapes, which are always observed within citrate-prepared AuNPs. Since these
nanoparticles play a central role in this work, a detailed TEM analysis of their sizes
and shapes, as it has been demonstrated in Section 4.1.4, should be performed with
a very high number of AuNPs, in order to obtain the very precise values needed
for the use in functionalization reactions. At the same time, many batches of this
colloid were produced. To be sure of a constant quality, it was necessary to be able
to perform a rapid particle analysis after each run. Figure 5.3a shows one of the best
taken micrographs for Siv-3, but it is still not well suited for the semi-automatic
particle analysis, because (i) it features only a low number of particles and (ii) some
of the disordered particles overlap.

Both problems can be overcome by coating the AuNP surface with a long-chain
amine, such as in this case octadecylamine N"2A-11 (structure in Figure 8.5, Sec-
tion 8.2).* The functionalization proceeds with a concomitant phase transfer to
an organic solvent which is immiscible with water. This approach was originally
presented by Karg et al.'®!) (2011). The functionalization/transfer mechanism is
shown schematically in Figure 5.4. The as-obtained citrate gold sol ,'v-3 is added
to a solution of octadecylamine in chloroform or toluene and the mixture is heavily

* Although this is a functionalization reaction, it is discussed here, rather than in Section 8, because its
merit for this work is to enable a better nanoparticle analysis.
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Tab. 5.1: Size and shape parameters (obtained as described in Section 4.1.4.1) of two different
types of explored AuNPs: octadecylamine-coated citrate AuNPs ,Civ°92_4 (16180 particles on 30
micrographs examined), which have identical parameters as the citrate particles 25v-3 themselves,
and AuNPs 2¢P5vOH_9 (9688 particles on 15 micrographs) from the two-phase ex-situ Brust—
Schiffrin synthesis (functionalized with SHACH_6 , the distribution should be at least similar
for the samples from the same synthesis method). These parameters are explained in detail in
Section 4.1.4.2.

parameter Svo3 (Siyeda_y) 2ebsy OH_g

diameter 2r (13.6 + 1.4) nm (3.4+0.7) nm
circularity C 0.909 £ 0.02 0.88 £0.05

surface area (590 + 240) nm? (39 + 16) nm?

aspect ratio 1.10 +£ 0.07 1.13+£0.12

roundness 0.92+0.05 0.89 +0.07

SOlidityS 0.96 £0.01 0.92+0.02

mean curvature K, (7.4+05)x102nm™"  (3.0+0.7) x10~' nm™"
Gaussian curvature kg (5.5+0.7) x102 nm™> (9.7 +5.2) x10~> nm™2
volume V (1400 +2200) nm?® (24 +15) nm?

particle mass m (2.7+43)x107" g (4.7+2.9)x107 g
specific surface S,,, (23+2)m?g™! (94 +21) m* g!

Au atoms per particle  (8.1+13.2) x 10* (1400 +900)

Au atoms on surface ~9% ~33%

shaken by hand in a closed container for 1 min. On the interface, the AuNPs are
immediately coated by the amphiphilic amine, presumably via a weak associative
bond through the neutral amine group’s lone electron pair,[°® and then stabilized
by the long hydrocarbon tail. This process proceeds faster than the nanoparticle
aggregation by the lower polarity of the organic solvent or charge equilibration and
can be directly observed by the red color migrating from the aqueous to the organic
phase. The obtained yield of the product (for better distinguishability denoted
Adyeda_g ) is almost 100 %, which also demonstrates that no major side-products
are formed in the original synthesis with citrate. Using an octadecylamine stock
solution, the whole process is conveniently done within a few minutes.

The octadecylamine-coated AuNPs ,5v°42_4 tended to form regions of dense

monolayers on the TEM grids, as shown in image (b) of Figure 5.3. This allowed for
capturing a large number of particles on one single image. (Read Section 4.1.3 for a
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Fig. 5.5: Diameter histograms for citrate AuNPs v-3 (from ,Siv°d2-4,16180 particles exam-
ined) and ex-situ Brust-Schiffrin AuNPs 2¢25vOH_9 (9688 particles examined). The binning
step size is 0.1nm for both samples. See Section 4.1.4 for how the distribution was extracted from
the micrographs. (Histogram for ,5'v-3 reprinted and adapted with permission from a previous
publication.l%?! Copyright 2013 American Chemical Society.)

discussion of the lattice formation.) At the same time, the AuNPs do not overlap.
There is even a constant interparticle spacing of approximately 3 nm, caused by the
electron-invisible ligand. (Compare the micrograph of silica nanoparticles ¢;5’ v-2

in Figure 4.7, where the individual particles do touch each other.) Micrographs like
that are ideally suited for the semi-automatic extraction of size and shape parameters
as presented in Section 4.1.4.1 (left column). The results from the analysis of 16 180
particles on 30 micrographs with a resolution of 2.47 pixels nm™" (corresponding to
a 175 000-fold magnification on the native fluorescent screen) are listed in Table 5.1.
It can be directly seen that these particles are very close to perfect spheres and
very homogeneous in shape and in size. In Figure 5.5, the diameter histogram
is shown in blue. It is close to a normal (Gaussian) distribution with an average
value of 2r = (13.6 + 1.4) nm and extremely narrow. Expressing the width of the
distribution by the dispersity D (see Equation (1.15), Section 1.2.1.2) instead of the
standard deviation, the value is D = 1.010. Every single measured particle was larger
than 10 nm in diameter. In Figure 5.6, histograms of the surface areas and masses,
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Fig. 5.6: Histograms of the surface areas (green, lower x-axis) and masses (red, upper x-axis)
of citrate AuNPs ,Siv-3 (total particle count: 16180). The binning step size is 10 nm? for the
surface histogram and 5 x 1071 g for the mass histogram. The x-axes were scaled in a way that
the histograms do not overlap. The y-axis applies to both distributions.

calculated assuming spherical shape, are shown. As the surface area and the mass
have a squared and cubed correlation with the diameter, these values have higher
standard deviations. The dispersity of the masses is already in a typical range for
synthetic polymers: D = 1.257. (But that is no fair comparison, since polymers
are linear.) The specific surface S,,, which is an especially important value for
functionalization reactions, was determined to be S,, = (23 + 2) m* g! of the citrate
AuNPs can be determined very precisely. It might be surprising that this value is
only half that of silica nanoparticles g;’ v-2 with significantly higher diameters
(compare Table 4.1), but the reason for that is the seven times higher density of gold
compared with silica. The information that the citrate AuNPs consist on average
of approximately 10 000 gold atoms, of which about 9 % are located on the surface,
gives a concrete perception of the structure of \v-3.

Micrograph (a) in Figure 5.7 is a close-up of a hexagonal monolayer of iv°d_4 .

It shows the ordering, the distinct spacing, and also the patterning of the AuNPs
in greater detail. Even regions where these hexagonal layers were stacked to three-
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(a) close-up image of (b) superstacking to close-packed 3-dimensional lattices
hexagonal monolayer

Fig. 5.7: Close-packed structures of octadecylamine-coated citrate AuNPs ,Siv°92_4 drop-cast

from toluene. In micrograph (a), three hexagons are exemplarily shown as red overlays. It is
well visible that the AuNPs do not touch each other. Micrograph (b) features both principally
possible types of close-packed 3-dimensional lattices: hexagonal close-packed (ABA, interstitial
gaps visible) and face-centered cubic (ABC, interstitial gaps not visible).

dimensional close-packed supercrystals were observed. Micrograph (b) in Figure 5.7
is a special curiosity because here both principally possible ways of stacking can
be seen in one single image. In the upper right, the hexagonal sheets are stacked
in the sequence ABA, evident by the still visible gaps between the particles of all
layers. This corresponds to a hexagonal close-packed lattice which was cut along
the (0,0,0,1)*-plane. In the upper left, the sequence is ABC and all interstitial
gaps of the first sheet are covered. This is a fcc lattice cut along the (1,1, 1)-plane.
These findings underline that no directed interparticle forces are influencing the
supercrystal growth.

The octadecylamine-coated AuNPs ,5v°%_-4 were found to aggregate irre-
versibly within the course of some days, and the TEM samples were therefore
prepared immediately. But the nanoparticles were stable enough to be dried and
directly redispersed. They could also be centrifuged down and redispersed in fresh

*The planes in a hexagonal close-packed lattice are described by four Miller indices.
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Fig. 5.8: Optical spectra of selected AuNP samples. Gold nanoclusters 2P$v-5 (measured in

THF) do not exhibit a plasmon resonance signal. The plasmon peak gets more pronounced with
increasing sizes of the AuNPs from 2¢?5vOH_9 (measured in DMF) to ,v-3 . The red-shift
of the plasmon peak from ,Sv-3 to ,2Sv°42_4 is caused by the change of the solvent (water to
chloroform) and surface composition.

chloroform, thus removing the excess of octadecylamine. After this step, they
showed even lower stability and hexagonal patterns were no longer found by TEM.
The large excess of the ligand seems to be necessary for the self-assembly process.
The lability of the amine-gold bond makes these nanocrystals promising as precur-
sor for other functionalization reactions in which the amine is replaced by other
ligands. That will be explored in Section 8.2.1.1.

5.1.2.4 Analysis of citrate AuNPs via optical spectroscopy

The optical properties of gold nanocrystals are especially relevant, since they are
not only a very easy means of analysis, but also the critical feature for potential
applications (see Section 1.2.3.2). Figure 5.8 shows (among others, which shall be
discussed later) the optical spectra of as-prepared AuNPs ,5'v-3 in water and those
transferred to chloroform with octadecylamine ,25'v°4-4 . They feature a very
pronounced plasmon resonance signal with a maximum at 518 nm and 526 nm. The

slight red shift is caused by the change of the solvent and the surface composition.
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Aggregation of the AuNPs can be easily detected by the eye, because the solution
turns completely blue. Measuring the gold sol in a spectrophotometer helps to
identify more subtle changes in the quality, such as the deviation from spherical
shape or the formation of only a small fraction of dimers. In these cases, the
maximum of the plasmon resonance peak is shifted to higher wavelengths and it
becomes more broad. In this regard, optical spectroscopy is the ideal complementary
counterpart to the above-described TEM analysis. While the latter gives very
detailed information on selected spots, the first yields information on the solution
as a whole. In order to assure the constant quality after the synthesis of a batch of
v-3, both an optical spectrum was recorded'®* and a TEM characterization
as outlined in the section before was performed. The AuNPs were only used for
further experiments when both methods proved a successful synthesis. In this case,
the solution was usually stored in the dark at room temperature for several days
before use. This was reported to have a beneficial effect on the AuNP quality,*!
although it was not found here.

Regarding the plasmon peak’s intensity, a high mass attenuation coefficient &*,"
as defined by the Beer-Lambert law,

A:—loglo(é) =¢*lc”, (5.2)

is desirable for plasmonic applications. A is the absorbance, I the cuvette length,
I and I, the light intensities of the sample and the reference, and ¢* the (mass)
concentration.

A concentration-dependent Beer plot, rather than a single optical spectrum, is
the proper way to determine &*. To this end, optical spectra of solutions of ,iv-3
with different concentrations were recorded and plotted in diagram (a) of Figure 5.9.
The more opaque the red color of the curve, the higher was the AuNP concentration
in the respective measurement. The highest concentration corresponds to the
undiluted gold sol as obtained from the citrate reduction. A higher concentration
is therefore only achievable by careful centrifugation and decantation, but in that
case it would be hard to find out the exact value for the dissolved mass. From the
slope of a plot of the maximum absorbance values against the gold concentration,
shown in diagram (b) of Figure 5.9), a value of ¢* = 16.6 Lg™' cm™" can by calculated
according to Equation (5.2). With a particle mass of 2.7 x 107" g from TEM (see
previous section), this makes for an attenuation coefficient of &, = 4.5 x 107'® Lem™
per individual particle.

TThe term “mass attenuation coefficient” is preferable over “mass absorption coefficient” here, because
the loss in intensity is not solely due to plasmon absorption and electronic transitions, but also to
Rayleigh scattering.
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Fig. 5.9: Determination of the optical mass attenuation coeficient ¢* for citrate AuNPs ,2Sv-3 in
water. The opacity of the curves in (a) is proportional to the respective gold concentration. From
the slope in diagram (b), £* =16.6 L g_1 cm™! can be calculated (Equation (5.2)).

Assuming that ¢* does not depend significantly on the surface composition
(compare with Figure 5.8), the optical attenuation was used to identify the unknown
gold concentrations after the functionalization reactions in Section 8.2.

5.1.3 The Brust-Schiffrin method

The term “Brust-Schiffrin method” or just “Brust method” is widely used to generally
tag synthesis procedures leading to AuNPs protected with a thiolate monolayer.
M. Brust, D. Schiffrin, and coworkers presented two pioneering, mechanistically
different reactions leading to this type of material in the mid-nineties.!%>-1%8] This
was perceived a great breakthrough because for the first time, AuNPs soluble in
organic solvents as well as stable in dried form could be conveniently prepared.
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5.1.3.1 The two-phase Brust-Schiffrin method

Inspired by a systematic study by Wilcoxon et al.1! (1993), comparing the utility
of different surfactants for the AuNP synthesis, and a publication by Giersig and
Mulvaney!"?! (1993), showing the stabilization of AuNPs with alkylthiols, the two-
phase Brust-Schiffrin method was historically the first published reaction (1994)

producing thiolate-protected AuNPs and might well still be the most commonly
used of all AuNP syntheses, along with the citrate reduction.[**1%! When people
speak about the Brust-Schiffrin reaction without further specifying the type, they
usually refer to the two-phase reaction, where the gold ions are first transferred from
water to toluene with tetraoctylammonium bromide N*A-13 (see Figure 8.5, Sec-
tion 8.2, for the chemical structure) as phase-transfer catalyst and then reduced to

elementary gold in the presence of an alkyl thiol by sodium borohydride. The mech-
anistic details of this two-phase method depend strongly on the type of employed
ligand!®+1-153] and are still in the process of being completely understood.!!!4-1¢]

The reaction is accompanied by the concomitant formation of the corresponding
disulfide.

From the concentrations of the reactants, the sizes of the produced AuNPs can
be controlled up to diameters of 5-6 nm with this approach—a barrier which is
generally difficult to overcome. Recently, several elaborate protocols (often com-
prising of steps in which the reaction mixture has to be stirred with certain stirrer
speeds) have been published which allow the synthesis of thiolate-protected gold
nanoclusters of almost one single size. However, these reactions only appear to
work for the particular ligand, for which they were optimized. Zhu et al.'”! (2008)
presented a low-temperature two-phase Brust-Schiftrin protocol for the production
of single-size Au,c(2-phenylethanethiolate),; nanoclusters with such a high purity
that they were able to crystallize the product and determine the crystal structure
by X-ray diftraction. This is the structure which has been shown in Figure 1.5b.
The reaction could be reproduced to yield sample 2$v-5 . By optical spectroscopy,
however, it could be immediately evidenced that the sample consisted of a mixture
of different gold nanoclusters (diameter < 2nm), though. The spectrum is plotted
in Figure 5.8. The absence of gold nanocrystals can be recognized by the lack of
a plasmon resonance signal. Because of the mixture of different cluster sizes, no
distinct signals belonging to particular electron transitions are visible. The increase
of the absorbance with lower wavelengths is due to overlapping electronic interband
transitions. [18-120]

Because of the direct contact with sodium borohydride, sensitive ligands, such as
RAFT-active trithiocarbonates, cannot be used in this process. At the same time,
the replacement of thiols, once they are on the surface, is very hard, and even in



5.1 Preparation of gold nanoparticles 131

the presence of a large excess of the competing, different thiol,'?!! the exchange
reaction does not go to completion. (50 % is already considered a good value.)!1??!
The result is AuNPs with an ill-defined surface composition.

A major advantage of the Brust-Schiffrin method in general (as opposed to the
citrate-reduction process outlined above) is the possibility to easily perform it in
gram-scale. A serious drawback is the persistent contamination with the residual
phase-transfer catalyst, which is very hard to eliminate from the final product.

5.1.3.2 The one-phase Brust-Schiffrin method

The one-phase Brust-Schiffrin reaction was in principle a modified version of the
corresponding two-phase method.[°! It avoids the use of a phase-transfer catalyst
by performing the reaction in a common solvent for the thiol and the gold ions,
and therefore only works for certain combinations of reactants. Typical solvents are
methanol and THE

First, Au(l)SR complexes of unknown structure (rings, networks, or lamellae)
and the corresponding disulfide are formed:['¥

Au** +3HSR — Au(1)SR + RSSR. (5.3)
Sodium borohydride is then directly added as reducing agent:
Au(l)SR + NaBH, — Au,(SR),,. (5.4)

The isolation of the AuNPs from the concomitantly formed disulfide is often very
difficult, since both inherently possess very similar solubilities, and only relatively
small AuNPs are accessible with the one-phase method, which cannot be separated
by centrifugation. The process is not restricted to thiols as protecting ligands.!'?*!

The original one-phase synthesis!'*® with the thiol ligand 4-mercaptophenol
SHAOH_4 was reproduced in this work, because it directly yields the targeted type of
hydroxyl-functionalized AuNPs, although in the nanocluster regime. A photograph
of the produced brown AuNPs '?$v°"_6 can be found in Figure 5.2.

The presence of the protecting ligands on the surface of purified AuNPs could be
verified by different methods: While it is not possible to obtain information from
197 Au-NMR spectroscopy, the extremely high quadrupole moment of the ground
state and the low resonance frequency of the 100 % abundant ' Au nucleus,'**! one
can still detect the ligand signals with classical "H- and "*C-NMR methods.!'?>-127]
Typically, because of the reduced rotatability of the immobilized ligands, the signals
are broadened with decreasing surface curvature of the nanoparticles and increasing
proximity to the anchor point on the surface.'?® For P$vH_6 | the characteristic



132 Chapter 5 Building-block design

(octyl)sNTBr~ NaBH,
AuCl,~ in toluene q N(ocltyl)4X in water
. AuX -
in water phase transfer to toluene, [N((.)cty Jal[AuXd] reduction, ”
in toluene
removal of water removal of water
removal of NaBH,
N(octyl)s-protected by washing with water ligand in toluene
AuNP in toluene ligand exchange

for N(octyl),X

ligand-protected purification pure ligand-

AuNP removal of N(octyl),;X protected AuNP

Scheme 5.1: General reaction scheme of the two-phase ex-situ Brust-Schiffrin method. X repre-
sents counter-ions like Cl or Br. The actual functionalization reactions with different ligands—
thiols and trithiocarbonates—will be discussed in Section 8.1.1.

signals of 4-mercaptophenol '25v®"_6 were found by 'H-NMR spectroscopy in
deuterated acetone. With elemental analysis, very similar relative elementary com-
positions are found for the ligands and the coated AuNPs. By the absolute values,
the mass fraction of gold and thus the average size of the AuNPs can be estimated.
That the easily deprotonatable 4-mercaptophenol SHA®H-4 was decorating the
surface, was also reflected by the finding that '?Sv°"-6 was only soluble in basic
(pH > 10), but not in neutral aqueous solutions.

However, gold nanoclusters with other functional ligands could not be success-
tully synthesized with the one-phase Brust-Schiffrin method. Several attempts were
made with 3-mercapto-1-propanol *"A°H-5 | 6-mercaptohexanol *HA°H-6 , and
11-mercaptoundecanol S"AM-7 (chemical structures shown in Figure 8.5, Sec-
tion 8.2) following a procedure by Wu et al.l'?! (2009), which should be tolerant to
functional groups on the ligands, but only indispersable black powders were formed.
The identical reaction could, however, be reproduced with 2-phenylethanethiol

SHA-1, giving 23v-7 , indicating a maleficent effect of the hydroxyl group.

5.1.3.3 Ex-situ two-phase Brust-Schiffrin method

In both the two-phase and the one-phase Brust-Schiffrin reaction, the protecting
thiol makes direct contact with the reducing agent sodium borohydride. A modifi-
cation of the two-phase process, allowing for the employment of reduction-sensitive
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ligands, was first reported by Manna et al.['**! (2003). It was based on the finding by
Fink et al.®!! (1998) that the reduction step can be performed in the presence of just
the phase-transfer catalyst tetraoctylammonium bromide N*A-13 and protected
AuNPs are still formed (by a different mechanism). After the reduction, the ligand
is added and immediately replaces the very weakly bound N*A-13 . Later, Zhou et
al.32! (2007) demonstrated that the toluene phase, containing the tetraoctylammo-
nium bromide-coated AuNPs, can be thoroughly washed with water prior to the
addition of the ligand, thus making sure that absolutely no sodium borohydride
remains. The general reaction steps are outlined in Scheme 5.1.

The advantage of the ex-situ protocol is not only that it enables the use of lig-
ands which are sensitive to harsh reduction conditions, such as the later discussed
trithiocarbonate-type RAFT agents and the azidothiol SHAN:_9 (see Section 5.3),
but also that the size distribution of the produced AuNPs is independent of the
employed protecting agents. That way, a high comparibility of the functionalized
AuNPs is guaranteed.

As for the in-situ process, a major advantage of the ex-situ two-phase Brust-
Schiffrin method is the possibility to easily perform it in gram-scale and a likely
drawback is the persistent contamination with the residual phase-transfer catalyst.
The formed AuNPs have clearly too light masses to be centrifuged down with the
accessible equipment. The positive side to this behavior is that it allows for the easy
removal of any possibly formed heavier aggregates in the centrifuge.

Nanoparticle characterization The actual coating reactions with different lig-
ands will be discussed in the functionalizations chapter in Section 8.1.1. The current
section shall be dedicated only to the general characterization of the AuNPs formed
in the tetraoctylammonium bromide micelles under the employed conditions.
Since these particles aggregated within hours, when no ligand was added, sample
zi{’jVOH—9 , functionalized with 11-mercaptoundecanol SPA®H-7 (Section 8.1.1.1),
was analyzed as a representative. As stated above, the core particles should be
independent of the type of ligand shell here.

Figure 5.10a shows a micrograph of 2?5vOH_9 . The differing contrast of the
individual nanosized particles with different orientations to the electron beams can
be explained by their crystalline nature. At least the larger particles show patterning
and thus comprise several crystal domains. Measuring 9 688 AuNPs on the shown
micrograph and 14 other images taken with the same magnification according to the
workflow outlined in Section 4.1.4.1, the size and shape parameters listed in Table 5.1
could be obtained. It can be seen that the particles have close-to-spherical shapes
and are relatively homogeneous, although to a lower extent than for ,5v-3 . The
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(a) zﬂ’jv OH_g (b) Niav-8

Fig. 5.10: TE micrographs of AuNPs 2¢2vOH_9 from the ex-situ Brust-Schiffrin method (drop-

cast from DMF) and of those from reduction with oleylamine N{zv-8 (drop-cast from toluene).

The latter possess only marginally larger sizes. The interparticle distances make visible that
oleylamine NH2A-12 occupies more space than 11-mercaptoundecanol SHAOH_7 .

diameter histogram, plotted in the diagram in Figure 5.5, is similar to a Gaussian
distribution. The particle diameters are with an average of 3.4nm close to the
lower end of the nanocrystal regime. It might be deceptive that the histogram of
2¢bs\ OH_g features higher bars than that of ,iv-3 , which shown in the same figure
and thus seems to reflect a less broad distribution. This appearance is due to the
fact that the same binning step of 0.1 nm was applied for both histograms. Since the
absolute diameters are clearly higher for ,iv-3 , they are distributed among slightly
more bars, although the distribution is narrower. It should also be mentioned that
the reproducibility of the sizes in the ex-situ two-step Brust-Schiffrin reaction was
clearly lower than for the reduction with citrate. For the shown distribution, only
one selected sample of those AuNPs was analyzed.

A photograph of 225v°H_9 is shown in Figure 5.2 and the corresponding optical

spectrum in Figure 5.8. The plasmon resonance peak is distinctly present, but less
pronounced than for the larger citrate AuNPs ,5'v-3 . In fact, up to a maximum
diameter of about 25nm, measuring the mass attenuation coefficient ¢* at the
plasmon resonance peak is an easy method to get an estimate on the size of AuNPs,
superior to analyzing position of the maximum of the optical spectrum, 13313
With increasing diameter of the AuNPs, ¢* becomes higher in this region (see
Section 1.2.3.2). For 2¢5vOH_9 avalue of £* = 8.30 Lg™' cm™" was determined by a
Beer plot in the same way as demonstrated for ,v-3 in Section 5.1.2.4. Comparing
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this value with a calibration curve provided by Rance et al.l*®! (2008), gives an
approximate average diameter of 2.7 nm. This is roughly in line with the value of
3.4nm determined via TEM.

5.1.4 Reduction by a long-chain amine

Nanosized gold particles can also be synthesized from gold ions with amines as
reduction and stabilization agents. In one-pot approaches, larger particles than
formed by the Brust-Schiffrin method are accessible in organic solvents. Amines are
only weakly bound to the gold core which makes the produced AuNPs promising
for ligand-substitution reactions.!'%”!

For this work, the approach was explored with the very low-priced oleylamine,
following a procedure by Hiramatsu and Osterloh!*®! (2004), in principle an op-
timization of a protocol by Jana and Peng“”] (2003). (Aslam et al.1*% (2004)
published a very similar synthesis with oleylamine in water at the same time.) Oleyl-
amine N"2A-12 (9-octadecenylamine, structure in Figure 8.5, Section 8.2) is the
amine equivalent of oleic acid, a fatty acid which occurs naturally in animal and
vegetable fats and oils, and possesses an unsaturated cis-unit in the middle of its
C 5-chain. It has also been used in other published AuNP synthesis protocols. 1142}
Mechanistically, the oleylamine first forms complexes with the gold ions and sub-
sequently reduces them, being presumably oxidized to the nitrile itself.!"*>] The
homogeneous particles slowly grow by nucleation and diffusional growth, 144145}
so that it is in principle possible to target certain particle sizes by quenching the
reaction at any point, in addition to adjusting the concentration of the amine. The
reaction was performed with an extreme excess of N"2A-12 (85 atoms per gold
ion) and the produced colloid turned out to stable only when the abundance of the
ligand was retained,!®! so that the as-obtained solution Ny2v-8 in toluene had to
be employed in further experiments. It is shown in a photograph in Figure 5.2.

As opposed to the expectations, the decisive issue with the synthesis of Ny2v-8
was the very low reproducibility, arguably due to the fact that oleylamine is generally
only available in technical grade with a high content of impurities. It was acquired
from two different suppliers (ALDRICH and ACROs ORGANICS) and vastly differing
results were obtained, already in the optical appearance of the mixture during
the reaction. Since reactions under seemingly identical conditions would lead to
different particle size distributions, the detailed TEM analysis was omitted and only
one selected micrograph is shown in Figure 5.10. It is notable that the AuNPs are not
significantly larger than the ex-situ Brust-Schiffrin AuNPs 2?5vOH_9 and that the
interparticle distances show that oleylamine N*2A-12 occupies more space than
1l-mercaptoundecanol SHA°H-7 .



136 Chapter 5 Building-block design

Tab. 5.2: Comparison of the two primarily used methods for the synthesis of AuNPs in this work
under different aspects which are important for functionalization reactions with RAFT agents or
RAFT polymers. The methodological criteria refer to both the actual synthesis reaction or the
produced AuNPs: For the citrate reduction, these are sample ,5v-3 , for the ex-situ two-phase
Brust-Schiffrin reaction, 2¢3vOH_9 is the exemplary representative. For each criterion, the more

desirable valuation is colored in green.

criterion citrate reduction  ex-situ Brust-Schiffrin
solvent  only water mostly organic
reproducibility ~ very high high
maximum mass per batch  very low high
experimental effort medium low
stability low high
centrifugation  yes no
homogeneity of size  very high medium
regularity of shape  high medium
purity  very high medium
plasmon efficiency  high medium
suitability for microscopy  high medium

5.1.5 Conclusions on the AuNP syntheses

Considering the results from the preceding sections, the two best-established AuNP
synthesis routes—the reduction of gold ions by sodium citrate and the two-phase
Brust-Schiffrin synthesis—turned out to be also the most suitable ones for the
envisaged functionalization reactions in this work, although for the latter, only the
special ex-situ variant could be used. Only with this method, (i) is the outcome of
the particle size independent of the type of employed ligand (a prerequisite for com-
parability), and (ii) even reduction-sensitive ligands can be employed. In Table 5.2,
both methods are contrasted by the assessment under several methodological crite-
ria. The syntheses (or rather the produced particles) can be seen as complementary,
as both entail their own advantages and drawbacks.

In view of potential applications based on the plasmon resonance effect (see
Section 1.2.3.2), the citrate AuNPs ,v—3 are arguably better suited than the Brust-
Schiftrin particles, since their extremely pronounced plasmon peak even outweighs
the approximately 70 x higher masses, so that the mass attenuation coefficient € is
still about twice as high. Their much higher masses also make for the possibility
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to isolate the (functionalized) particles by centrifugation and for easier analysis by
microscopical methods and they are more homogeneous.!'*”! On the other hand,
the AuNPs from the ex-situ Brust-Schiffrin method (as for example 2?3\/0}1_9 )
do not suffer from the restriction to water as a solvent, can be produced on a larger
scale (although with more impurities), and are more stable, even compared with
the citrate AuNPs after potential functionalizations. They can be even stored in
dry form. Depending on the targeted application, the higher surface curvature
might be advantageous as well. Both methods are reproducible, comparably easy to
implement with the accessible equipment, and, despite the fact that the word “gold”
gives the impression of very precious materials, they are relatively cheap.

The oleylamine-coated AuNPs N*2A-12, on the contrary, were found to be
unsuitable candidates with regard to the experiments in the discussed work. Not
only was their synthesis very difficult to predict, the AuNPs could also not be
isolated from the reaction medium and all attempts to functionalize these AuNPs
in-situ by direct addition of different ligands to the reaction solution only lead to
the immediate precipitation of non-redispersable aggregates. These experiments
are therefore not further mentioned. It might be worthwhile to refine the synthesis
protocol using an amine ligand, which can be obtained commercially in higher
quality.

Although the two methods selected for the AuNP syntheses of this work both
produce gold nanocrystals, also routes to gold nanoclusters (see Section 1.2.3.2)
were explored. In particular, hydroxyl-functionalized clusters (}25v°"-6 ) were
readily accessible in a one-pot reaction. Gold nanoclusters have their own inherent
advantages over gold nanocrystals: They have a higher specific surface and are
more stable, as the bonds to the ligands have generally a higher energy (surface
gold atoms less saturated with each other) and collisions have less momentum. In
addition, certain catalytic and charging properties are only found in gold nanoclus-
ters. Their lower masses enable the analysis with certain methods which are not
suitable for gold nanocrystals, such as mass spectrometry,1*375! and, due to the
lower gold content, also several spectroscopic methods. Since particular clusters
with a “magic number” of gold atoms in the core are more stable than others, sam-
ples can be obtained which consist almost exclusively of one single cluster size,
either by a very size-selective synthesis method,"”"21%3) or via purification by
selective etching of the less stable clusters,!"*!**! chromatographic methods,!°¢1>7!
electrophoresis, 81! or fractionated precipitation.['*"?) However, the focus of
this work was the production of materials for applications based on the plasmon
resonance effect, which is not exhibited by gold nanoclusters. Moreover, as opposed
to gold nanocrystals, the surface chemistry of gold clusters is very different from that
of planar gold surfaces. It can be expected that possible results are not transferable
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Scheme 5.2: Synthesis strategy for Z-RAFT agent p2*-2 with two trimethoxysilyl anchor groups.

to systems with flat gold. Because of these two reasons, gold nanoclusters were
excluded from the functionalization experiments.

The thorough characterization of the two types of AuNPs in the focus constitutes
a profound groundwork for the subsequent functionalization reactions, which will
be discussed in Chapter 8.
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5.2 Synthesis of special RAFT agents

5.2.1 Synthesis of a RAFT agent with two anchor groups

A RAFT agent with two trimethoxysilyl anchor groups can be immobilized on
oxide surfaces over two anchor points. It clears the way for the production of
especially stable polymer films with doubly-bounded macromolecular loops on the
surface (see Figure 1.6). In preceding work, a double-anchor Z-RAFT agent with
trithiocarbonate groups had already been used for surface polymerizations.['®>! This
principle was expanded to an analogous symmetrical dithiobenzoate compound
p**-2 . The synthesis pathway is outlined in Scheme 5.2. It was devised by Sebastian
Primpke and first carried out by him in the framework of a practical laboratory
course. According to this convergent synthesis strategy, the R-group fragments
o-5 and the Z-group fragments 0-6 are first prepared individually and then
coupled under formation of the RAFT groups.

R-group fragment o-5 : The R-group must interconnect the two RAFT groups
and be able to form a good radical upon homolytic cleavage from the RAFT
group on both sides. For -5, the phenyl ring fulfills both functions in an
ideal way. The methyl groups provide additional radical stabilization. The
structural similarity to styrene enables a very high control for this monomer.
The compound was obtained by reduction of 1,4-diacetylbenzene to 1,4-bis-
(hydroxyethyl)benzene -4, using sodium borohydride, and subsequent
chlorination with thionyl chloride.

Z-group fragment 0-6 : The Z-group fragment sodium (1-trimethoxysilyl)ethyl-
thiobenzoate 0-6 was prepared starting with the commercially available
benzyl chloride carrying the trimethoxysilyl anchor group, which had also
been used for the synthesis of the mono-anchor Z-RAFT agent p>-1 pro-
vided by Robert Rotzoll (chemical structure shown in Figure 5.12). The phenyl
group is a good Z-group because the intermediate tertiary RAFT radical is
stabilized by mesomeric effects.!'! Reaction of this compound with elemen-
tal sulfur and sodium methoxide yielded the corresponding dithiobenzoate
salt.

The coupling of these two fragments to the final RAFT agent is a nucleophilic
substitution reaction of the chloride atoms with the dithiobenzoate anions. The
final product is a mixture of three constitutional isomers (meta + meta, para +
para, meta + para). Impurities or side-products in the target compound do not
constitute a real problem as long as they do not possess the silyl anchor group, be-
cause all unanchored molecules are removed in the final purification step. However,
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Scheme 5.3: Synthesis strategy for Z-RAFT agent p'-3 with a monofunctional anchor group.

although the dithiobenzoate salt 0-6 had been employed in excess, signals of the
monosubstituted product could still be identified in the 'H-NMR spectrum after
the purification. This small fraction of molecules would produce only singly bound
polymers rather than loops, since the R-group is not connected to the surface after
the immobilization.

A general problem when working with molecules with trimethoxysilyl anchor
groups is their tendency to hydrolyse and subsequently to condensate spontaneous-
ly.[165] Dimerization was already detected, when the commercial educt ((chloro-
methyl)phenylethyl)trimethoxysilane was stored for longer periods of time in the
original glass bottle, evidenced by the corresponding signal in the ESI mass spec-
trum, a second silicon signal in the 2?Si-NMR spectrum, and an additional signal of
the methoxy groups in the "H-NMR spectrum. It is crucial to work under absolutely
water-free conditions.

Immobilization of RAFT agent p**~2 on the surface of fumed silica Si(f:v—l
and subsequent polymerization of styrene will be discussed in Section 7.1.

5.2.2 Synthesis of a RAFT agent with a monofunctional
anchor group

Replacement of the most commonly used trimethoxysilyl group with the analogous
monosilylether anchor group, which can only form a single covalent bond, prevents
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the possibility of RAFT-agent crosslinking in immobilization reactions to oxide
surfaces.

In most other synthesis procedures for control agents with monofunctional silyl
anchor groups, those are introduced as the last step by the hydrosilylation of an
alkene group!'°®~18] or by the nucleophilic addition of an amine containing this an-
chor group to an amide.!"*”! Such a strategy cannot be applied for the synthesis of an
anchor RAFT agent, since all common RAFT groups do not tolerate these reaction
conditions. It is therefore inevitable here to start the synthesis with a compound
which already contains the very sensitive and labile silyl ether group, and only
reactions under very mild conditions can be utilized. Li and Benicewicz7%! (2005)
implemented this strategy by synthesizing the RAFT group of an R-anchor RAFT
agent by a Grignard coupling reaction of dithiobenzoic acid magnesium bromide
and the bromide function of the anchor fragment at room temperature. In the case
presented here, a convergent synthesis route for the Z-RAFT agent p'-3 with a
dimethylmethoxysilyl anchor group was devised, which relies on the nucleophilic
substitution reaction taking place at a precursor molecule carrying the desired
anchor group, to which a trithiocarbonate salt is coupled. The strategy is depicted
in Scheme 5.3.

The advantage in using an organic trithiocarbonate salt for this reaction is that
the formed RAFT agent will automatically contain a potent Z-group, regardless
of the structure of the substituents. Only the substituent intended to constitute
the R-group in the final RAFT agent should form a sufficiently stable radical upon
homolytic scission from the trithiocarbonate moiety. The benzyl group fulfills this
requirement!'””!! and the trithiocarbonate salt -8 was prepared by the reaction of
benzyl mercaptan and carbon disulfide in the presence of sodium methoxide.

3-chloropropyldimethoxysilane is a suitable starting compound for the anchor
fragment since it contains both the monofunctional anchor group and on the other
side a primary chloride function, which is a good attack point for nucleophilic
substitution reactions. All other commercially available molecules with such an
anchor group at the time of performing the work did not contain any moieties
suitable for converting the molecule to a RAFT agent. The direct nucleophilic
substitution reaction with the starting substance 3-chloropropyldimethylmethoxy-
silane, however, had not been successful. Either no reaction had taken place or
the silyl ether group had simultaneously reacted. It was therefore necessary to
replace the chloride group with iodide—a better leaving group—in a Finkelstein
reaction!’”?! with a large excess of sodium iodide at 45 °C, forming compound -7,
prior to the coupling reaction.

The identity of the RAFT agent p'-3 was shown by mass spectrometry and 'H-
and C-NMR spectroscopy, although in the *C-NMR spectrum three individual



142 Chapter 5 Building-block design

S H3C CH3 /
H3C(H2C)10H2C\SJ\S)<H/OH HO\//
DCC

p-4 © DMAP
S H3C CH

3
H3C(H2C)10H2C\SJ\S)<H/Q\///

p=-6 ©

Scheme 5.4: Synthesis of RAFT agent p=-6 carrying an alkyne group.

signals were found in the region of the quaternary carbon atom of the trithiocar-
bonate moiety around 224 ppm, evenly spaced by 1ppm. It was not clear if this
was a measurement artifact, if it was caused by complexation to the trithiocarbo-
nate group, or if it was actually indicative of two trithiocarbonate byproducts with
otherwise completely identical spectroscopical data. Only a byproduct carrying
the anchor group would influence the results in polymerization experiments. No
further evidence for the presence of such a byproduct was found in the later study.

Immobilization experiments of p'-3 on the surface of silica nanoparticles 5,3 v-2
and subsequent polymerization are covered in Section 7.2. The compound p'-3
was proven to be a good RAFT agent in a preliminary homogeneous polymerization
with n-butyl acrylate.

5.2.3 Synthesis of a “clickable” RAFT agent

The copper-catalyzed azide-alkyne Huisgen cycloaddition!'”! is arguably the most

famous representative of “click” reactions.'74 Boisselier et al.122! (2008) have shown
that it is possible to perform this reaction on the surface of AuNPs, which are
decorated with ligands bearing azide groups.'”>) Using specific conditions (a 1:1-
mixture of water and THF as solvent, stoichiometric copper sulfate and sodium

ascorbate in an inert atmosphere at 20 °C), the problems caused by the presence of
copper in performing this reaction on colloidal gold"’®"7”} can be overcome. As a
potential coupling partner for azide-decorated surfaces, RAFT agent p=-6 , bearing
the complementary alkyne group at its R-group, was designed. The commercially
available RAFT agent p—4 was modified as shown in Scheme 5.4. Propargyl alcohol
was coupled to the RAFT agent’s carboxylic acid group via a Steglich reaction!'”®!

with a yield of 86 %. The use of propargyl alcohol greatly facilitates the work-up of
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Scheme 5.5: Synthesis of the azidothiol SHAN3-9

this reaction, since it can be easily removed under vacuum. The identity of p=-6
was proven by NMR spectroscopy and elemental analysis.

5.3 Synthesis of the azidothiol

A suitable counterpart of RAFT agent p=-6 (see last section) for immobilization
on AuNPs should possess a thiol group for anchoring, a relatively long hydrocarbon
chain to provide stabilization and solubility of the AuNPs, and an azide group—the
complementary unit to the alkyne group—on the other chain end. A synthesis
route for a compound that meets these requirements, 1-azidoundecane-11-thiol
SHAN:_9 | had already been presented in literature.'7*'8%) It was followed here,
although some modifications had to be made, especially in the last step, and is
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depicted in Scheme 5.5. This linear pathway is feasible, since all reactions proceed
with relatively high yield.

The synthesis starts with 11-bromo-1-undecanol. As the first step, the azide func-
tionality is introduced by nucleophilic substitution of the bromide with an azide
group to l-azidoundecan-11-ol o-1. This is performed first, because the azide group
is not very reactive and tolerant to the reaction conditions in the following steps.
For the introduction of the thiol group, the hydroxyl group was first converted
into a methylsulfonate group (in -2 ) by reaction with methane sulfonyl chloride.
The methylsulfonate moiety constitutes a good leaving group for the following
nucleophilic substitution with thioacetate, yielding compound o-3 .

The thioacetate group can in turn been hydrolyzed under acidic conditions to
give the thiol "AN:-9 and acetic acid. It was found by 'H-NMR spectroscopy that
this saponification reaction already took place during the nucleophilic substitution
or its workup, so that the final hydrolysis reaction was only needed to convert the
fraction of remaining thioacetate o-3 .

In contrast to the literature reports, however, the saponification was accompanied
by the concomitant oxidation of the thiol to the corresponding disulfide S:AN:-9" .
This coupling reaction could not be prevented, nor could the thiol be isolated
from the disulfide by column chromatography, since the retention behavior of both
compounds was almost identical for all examined solvent mixtures.

On the one hand, the presence of the disulfide should not pose a problem, since
it would equally bind to gold, forming the thiolate.'"182 (Both halves of disulfides
are found as thiolates at different locations on the AuNPs, not necessarily next to
each other.)'®* On the other hand, the product should be as pure as possible in
order to enable a maximum of comparibility with literature reports and to exclude
any possible influence of the disulfide on the immobilization mechanism. After first
experiments with sodium borohydride as reducing agent at different temperatures
had either not led to any reaction, or also to the concomitant reduction of the
azide group, it was found that by the use of dithiothreitol (Cleland’s reagent)!'34! as
reducing agent,'®! it was possible to specifically reduce the disulfide group. After
the aqueous work-up, the azidothiol S"AN:-9 was obtained in pure form.

5.4 Preparation of N-isopropylacrylamide
polymers

RAFT polymers of N-isopropylacrylamide (see the structural formula in Figure 5.11)
were prepared in order to explore their behavior in aqueous solutions by cloud-



5.4 Preparation of N-isopropylacrylamide polymers 145

o o) JC\H3 z
H,Cy
HZCQ)J\O/\/\CH?’ 2 \)LH CH,
BA NIPAm styrene

Fig. 5.11: Structural formulas of the monomer molecules used for polymerizations in this work.
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point experiments (see Chapter 6) and to use them in functionalization reactions for

AuNPs, exploiting the fact that RAFT groups bind to gold surfaces (see Chapter 8).
Because very defined chain lengths are a prerequisite for both applications, special
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Fig. 5.13: Structural formulas of the initiator compounds used for polymerizations in this work.
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effort was directed into finding conditions under which a maximum of control
could be exerted over the polymerization. RAFT polymerization is known to be
very well suited for this task,18¢187]

The synthesized pNIPAm samples were of two categorically different types: con-
ventional polymers with a single trithiocarbonate group at the chain end and multi-
block polymers with multiple trithiocarbonate groups along the polymer backbone.
(One sample of a third type—the NIPAm star polymer 7t 19 —was kindly pro-
vided by Nadja Forster.) While most discussed points are relevant to both kinds
of polymers, some special characteristics only apply to the multiblock polymers.
These will be treated in the standalone Section 5.4.4.

5.4.1 Experimental polymerization conditions

The conventional NIPAm polymers were synthesized in polymerizations 7t-1

to 7-10, using the trithiocarbonate RAFT agents p-4 18 or p-5 (structures
shown in Figure 5.12). Trithiocarbonates are known to constitute potent control
agents for radical polymerizations of NIPAm!-12! (as opposed to, for example,
dithiocarbamates).!"”> All polymerizations were carried out at atmospheric pres-
sure and 60-70 °C in DMF!'), (Other typical solvents are 1,4-dioxane!’**1°°/ and
toluene.)'”) The structures of the used thermal initiators are depicted in Figure 5.13.

For all polymerizations except 7t-10 , where the highest possible mass of one
single sample was sought to be produced, several samples were taken and quenched
by exposure to air after defined periods of time. To then isolate the polymer from the
solvent and the extant (solid) monomer, it was first precipitated from the polymeriza-
tion mixture by addition of diethyl ether,'®>!°%! which is a solvent for the monomer.
The polymer was collected by centrifugation and removal of the supernatant solu-
tion. Further purification was achieved by two reprecipitation-centrifugation steps
after redissolution in acetone. After this purification, no monomer signal could be
detected in the SE chromatogram of the polymer samples.

It can be assumed that in the conducted polymerizations, completely atactic
macromolecules were formed,!*®! which is important for comparability.!2°!

All detailed results from the performed polymerizations are documented in Sec-
tion 3.2.6.1 of the experimental part (Tables 3.1 up to 3.10), along with the individual
reaction conditions. In the current part, only those polymer samples are listed in Ta-
ble 5.3 which were used for further AuNP-coating (Au) or cloud-point experiments
(CP).
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Tab. 5.3: All pNIPAm samples which were used for further experiments in the overview: the
sample identifiers of the polymer and the used RAFT agent, the M,, and P values determined
by the RI and the UV detector of the DMAc-SEC set-up. The average number of blocks b
determined by Equation (5.20) after cleavage at the trithiocarbonate groups (1 for conventional
polymers), and the indication for which experiments the sample was used in the rest of this
work (Au: functionalization of citrate AuNPs ,v-3 in Section 8.2, CP: used for cloud-point
experiments in Chapter 6).

RI detector UV detector
sample RAFT M, in miol b M,in miol D by used for
7-8b p-4 149 x10* 1.20 1.44x10* 120 1  AuCP
7t-8¢ p-4 220x10* 121 221x10* 120 1 Au
m-8d p-4 2.58x10* 115 252x10* 116 1 Au
m-7a p-4 3.79x10* 114 3.74x10* 113 1  AuCP
T-2a p-4 474x10* 115 4.64x10* 114 1 Au
mt-1c p-4 548 x10* 119 534x10* 120 1 Au
T -1c’ p-4 5.48 x10* 119 - - 1 Au
71-2b p-4 6.77 x10* 119 6.48x10* 121 1 Au
t-2d p-4 7.44x10* 122 7.03x10* 129 1 Au
m*-2d’ p-4 7.44 x10*  1.22 - - 1 Au
T-4¢ p-4 1.09x10° 138 8.50x10* 157 1 Au
7t-10 p-5 317x10* 110 321x10* 110 1  Au,CP
7t-5d p-4 8.04 x10* 138 523x10* 177 1 CP
-9 p-5 2.74x10* 116 2.68x10* 118 1 CP

mMB_15c  pMB_8  438x10* 221 4.03x10* 236 4.0 Au
aMB_17b pMB_8  541x10* 178 5.63x10* 175 5.5 Au
nMB_18a  pMB-9  595x10* 1.60 5.66x10* 1.65 4.2 Au
mMB_16a  pMB-7  711x10* 173 6.92x10* 177 2.9 Au
a™B_1ib pMB-8  9.08x10* 1.68 9.00x10* 1.71 3.0 Au
nMB_16b pMB-7  8.87x10* 179 9.17x10* 178 2.4 (0)3
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5.4.2 Determination of monomer conversion
The monomer conversion X); of a polymerization is by definition:

m
=1 ML (5.5)

nM,0 M0 mMM,0

M0 — BM,1 (L12) Min,0 — MIM,1
XM,g = =

nm,0 and my o being the number and mass of the monomer units in the polymeri-
zation solution before the reaction, and ny1; and my the ones after the reaction.

Two different methods turned out to be feasible for the determination of the
monomer conversion of the samples after the NIPAm polymerizations: gravimetry
and 'H-NMR spectroscopy. (SEC was found to be very inaccurate in this case.)

For the determination via gravimetry, the mass fractions of the monomer wy,o
and the solvent ws before starting the polymerization are known by their initial
masses in the mixture. For a given sample of an arbitrary weight, the corresponding
masses can simply be calculated by multiplication of the mass fractions with the
total sample mass, which is in turn obtained by subtracting the known mass mc g
of the empty container (here: a centrifuge tube) from the combined mass mc of
container and sample:

m,o = (mc,o — mc)wm,o (5.6)

and
ms = (mc,o — mc)ws. (5.7)

The sum of the mass my;; of the unreacted monomer which has been removed
by the purification of the polymer and the mass mg of the solvent (and any other
component which is eliminated during the purification) coincides with the mass
difference of the container prior to and after the purification:

Mmc,o — Mg, = M, + Ms. (5.8)

Insertion of (5.6) and (5.8) in (5.5) yields the equation by which the conversion can
finally be calculated:

mc,0 — mMc,1 — Ms (5.7) ws mc,0 — mc,

XM’ =1- 1+ - .
¢ (mc,0 — mc)wm,o wmo  (Mco — mc)wm,o

(5.9)

In the case that the sample had to be split up into several centrifuge tubes (with lim-
ited volume) for the purification, the conversion values obtained with Equation (5.9)
were averaged.

The determination of the NIPAm conversion by '"H-NMR spectroscopy can be
carried out after measuring 'H-NMR spectrum of the polymerization mixture. The
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Fig. 5.14: Comparison of the 'H-NMR spectra of the NIPAm monomer and polymer (measured
in perdeuterated DMSO, relative intensities scaled arbitrarily) with assignment of signals. The
integrals used in Equation (5.10) are indicated.

spectra of the NIPAm monomer and polymer and the assignments to the corre-
sponding protons are shown in Figure 5.14. Both feature a distinct signal at 1.1 ppm,
caused by the six protons of the methyl groups of the isopropyl function. The inten-
sity of this signal is therefore I, ; ppm = 6 H for both polymer and monomer. This
signal was set in relation to the three vinyl protons of the monomer which appear
in the region of 5.5-6.2 ppm. These protons are not contained in the polymer and
its spectrum does not feature any signals in this region. The total intensity of the
signals in this region is I5 5_6.2 ppm = 3 H for the monomer and Is 5_¢ 2 ppm = 0 for
the polymer. The number of remaining monomer molecules in the polymerization
mixture 71, ; relative to the number of monomer molecules #,;,¢ before the polyme-
rization (which contribute to the signal at 1 ppm either as monomer or incorporated
in a polymer chain) is

nya (12) My I5.5-6.2ppm (5.10)

1
N0 mp1,0 Ell.lppm
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With (5.5), the conversion is then

15.5—6.2 ppm

Xyinmpr =1-2 (5.11)

I 1.1ppm

It is known that the spin-relaxation times of polymers might be highly retarded by
the hindered rotatability.(2°>2°2] To make sure that the integrals measured by this
method are reliable, the spectra were taken with an additional relaxation time of
15s for three selected pNIPAm samples, guaranteeing a complete spin relaxation.
In all cases, no significantly different spectrum was obtained, showing that the
method is applicable even when the 'H-NMR spectra are recorded with usual pulse
frequencies. It can be carried out directly with the polymerization solution in
DME without prior concentration, since the DMF signals do not overlap with the
respective regions.[203]

The determination of the NIPAm conversion by 'H-NMR spectroscopy turned
out to be more accurate than the gravimetric method, although it was not performed
with all samples. With gravimetry, significantly lower values were obtained for some
samples. This is presumably due to the fact that by the purification, always a fraction
of the formed polymer remained in solution after the centrifugation and was lost.
For some samples with lower polymerization times, no product was obtained at all.
In the case that both techniques were applied, only the values obtained by 'H-NMR
spectroscopy are reported in this work.

5.4.3 SEC analysis

SEC (see Section 1.2.1.2) is the standard analysis method for polymers. For the
analyses in this work, two SEC systems were accessible, one running with THF as
the eluent and the other with DMAc. Although in principle the THF system would
be preferable, because only in this solvent, are Mark-Houwink parameters known
for pNIPAm,!2*4 it just yielded extremely broadened traces—a literature-known
issuel!®! caused by the low solubility of pNIPAm in THE which, however, could not
be overcome using the suggested workaround of adding trace amounts of water to
the polymer prior to the sample preparation. Nevertheless, the DMAc system was
a very good alternative. Excellent analysis results for pPNIPAm were also reported
for SEC systems running with the structurally related DME.[¥929] For the SEC
calibration, pMMA standards were preferred over polystyrene standards,?°®! on
account of the higher similarity of pNIPAm to pMMA.>**) Owing to the presence
of the trithiocarbonate groups from the RAFT agents, which absorb light at a
wavelength of 1 ~ 310 nm,2°”! the polymers could also be traced with a UV detector
(in addition to the RI detector).
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Fig. 5.15: SE chromatograms (DMAc) of all conventional pNIPAm samples used for AuNP func-
tionalization experiments in this work. See Table 5.3 for the ‘M and D values extracted from
these traces. (Reprinted and adapted with permission from a previous publication.[192] Copyright
2013 American Chemical Society.)

The results from the SEC measurements of the conventional pNIPAm samples can
be found in the experimental part (Tables 3.1 up to 3.10), along with the experimental
reaction conditions. While for some of the polymerizations, the M, values increased
almost linearly with the monomer conversion, as would be expected for a well-
controlled RAFT polymerization, this was not true for all cases. As stated above
concerning the results by gravimetry, the apparent irregularities are caused by the
work-up of the polymerizations. During the precipitation steps in diethyl ether,
a fraction of the polymer is lost and the molar mass distribution are “cut oft” at
lower masses. Because the absolute sample masses differed significantly, the relative
amount of diethyl ether, added to precipitate the polymer, was not always the same,
which also explains the decreasing molar masses for consecutive samples in some
polymerizations. However, since the motivation for conducting the polymerizations
was not kinetic analysis, but rather to obtain pure samples with defined molar masses,
where all macromolecules carried a trithiocarbonate group, the work-up was ideally
suited here. For the experiments in this work, just selected polymer samples were
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Scheme 5.6: Employing RAFT agents with g trithiocarbonate groups in a radical polymerization
leads to multiblock polymers with b = g+ 1 blocks. See Figure 5.12 for the structural formula of
the used multifunctional RAFT agents.

chosen, where the UV signal was superimposed on the RI signal, proving retained
trithiocarbonate groups, and where the D value was low. These samples are listed in
Table 5.3.

By way of example and because they are the most important, Figure 5.15 shows
the SE chromatograms of all conventional pNIPAm samples which were employed
in the functionalization of gold nanocrystals (see Section 8.3.2.1).

5.4.4 Multiblock poly(N-isopropylacrylamide)

The radical polymerizations TB-11 to 7™B-18 were carried out in the presence
of RAFT agents that contain multiple functional trithiocarbonate groups. Apart
from the type of employed RAFT agent, the reactions were identical to those
for -1 to 7t-10 . The polymerization products are macromolecules, in which
the g trithiocarbonate groups are incorporated along the polymer backbone,?°¢!

so-called multiblock polymers with b = g+ 1 blocks.” The spacings between the
functional groups increase with the progress of the polymerization.?"*! The re-
action is illustrated in Scheme 5.6. On a side note, these polymers could theo-
retically be employed as macro-RAFT agents in a second radical polymerization
with another monomer®*! to yield multisegmented copolymers,*'>=*'8] polymers
with alternating homogeneous segments composed of the two monomers. Such
macromolecules, which are otherwise difficult to synthesize,*'! reveal a unique self-
assembly behavior,?20-222 such as microphase separation,?2>-22%! when the individ-
ual segments are sufficiently long!?22?7! and have distinctly different properties.[22®!

Promising potential applications for multisegmented copolymers are the use as
thermoplastic elastomers, 223! compatibilizers for polymer mixtures,*2-2%! or
adhesives.?3¢?%7] Furthermore, they can mimic natural macromolecules?3%-241

with versatile material properties.**?! A second polymerization step was not ex-
plored here, but might be worthwhile in future work.

*One could in principle also prepare those polymers using cyclic trithiocarbonates,29-2'2] but mul-
tifunctional RAFT agents have the advantage that the block number of the resulting multiblock
polymers can be better controlled.
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Scheme 5.7: Redistribution mechanism of the polymer blocks among the macromolecules;
k,l1,m=0,1,2,... Compare the RAFT main equilibrium in Scheme 1.2. (Reprinted and adapted
with permission from a previous publication.!?*8! Copyright 2010 American Chemical Society.)

The three used multifunctional RAFT agents p™®-7, pM®-8, and pM®-9 had
already been prepared in an earlier work!24>244] by reaction of a suitable dibromide
with trithiocarbonate anions on the surface of a ion-exchange resin!?4>24¢! and
fractionation of the product by rinsing the heterogeneous support system with
different solvents. Their general structure is depicted in Figure 5.12. Based on SEC
analysis,!?*4! the RAFT agents possessed g = 4.2 (pM®-7),17.3 (p™B-8 ), and 12.0
(pMB-9) trithiocarbonate groups. Via *C-NMR spectroscopy, it was made sure
that the trithiocarbonate groups were still intact.!>”]

In Tables 3.11 up to 3.18 in Section 3.2.6.1, the individual reaction conditions
and the analysis results from the multiblock polymerizations are listed. It can be
assumed that the SEC calibration was still applicable here, since the RAFT moieties
only constitute a relatively small fraction of the total molar mass. In Figure 5.16 all SE
chromatograms of the multiblock polymer samples which were employed in further
reactions (see Section 8.3.2.2) and the SE chromatograms of the corresponding
cleavage products (see below in Section 5.4.5) are shown.

5.4.4.1 ldeal dispersity of the multiblock polymers

The dispersities of the synthesized multiblock polymers (see Tables 3.11 to 3.18) are
considerably higher than for the conventional pNIPAm polymers. This finding can
be explained by the fact that the broadness of the distributions of these polymers
is mainly caused by the distribution of (possibly very narrow) blocks among the
macromolecules. Because of the inherent mechanistic characteristics of RAFT
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Fig. 5.16: SE chromatograms (DMAc) of the NIPAm multiblock polymer samples used for further
AuNP-functionalization experiments in this work and their cleavage products. See Table 5.3 for all
details on the polymers. (Reprinted and adapted with permission from a previous publication.%!
Copyright 2013 American Chemical Society.)

polymerization (see Section 1.2.1.1), the polymer blocks are constantly redistributed
between all individual macromolecules in the polymerization system. Thus, regard-
less of the initial distribution of the multifunctional RAFT agent (presumably a
Schultz-Flory distribution),[?#>:2>"] a well predictable block distribution is expected
to occur at the end of the polymerization, owing to this reshuffling process.2*®!

The ongoing redistribution mechanism, by which the total number of blocks,
trithiocarbonate groups, and macromolecules is not changed, is illustrated in
Scheme 5.7. For the final distribution of blocks, it is sufficient to just consider
the repeated execution of the depicted step, which must eventually lead to an equi-
librium. The only remaining question is with which probability the individual
trithiocarbonate groups will be attacked. To this end, two obvious limiting cases can
be assumed. Model A: Every trithiocarbonate group in the system is attacked with
the same probability, regardless of the molecule that it belongs to. Model B: Every
macromolecule is attacked with equal probability. Within the macromolecules,
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every trithiocarbonate group still has an equal chance of being attacked, so that
trithiocarbonate groups in macromolecules with fewer blocks are more likely to be
attacked. Interpreting these models physically,!24¥! the extreme case of model A is
rather expected to occur in concentrated systems, where radicals meet potential
reaction partners with a faster rate than the actual reaction takes place. The extreme
case of model B, in contrast, is rather expected to occur in very dilute solutions with
high viscosities, where the reaction rate is mainly governed by diffusion.

In order to be able to assess the quality of the performed multiblock RAFT
polymerizations, it is indispensable to know the expected ideal dispersity values
which are expected for the arising equilibrium distribution functions A and B.

In previous work,?*8) the block distributions in question could be deduced
analytically based on the assumption that, in equilibrium, for macromolecules
with any number of blocks, the probabilities of formation and decomposition must
coincide. The results were also supported by numerical simulations. The normalized
distribution functions Nj* for model A and N} for model B in the dependence on

the number of blocks b with b being the average value are

b-2

1 (b-2
NA=_— | == , b=2,3,... 5.12
— b—l(b—l) 12
and
4 (b-2\""
Nfzz(b) (b-1), b=23,... (5.13)
b

For both functions, the corresponding dispersities P* and P® (see Equation (1.15),
Section 1.2.1.2) can be calculated to be

2 _
ph (1.15) 2b -3b+2

= (5.14)

and 3 1
pP=C__, 5.15
273 (5.15)

Function B is obviously narrower. These four expressions (5.12) to (5.15) can easily
be converted into functions of the number of trithiocarbonate groups g instead of b
according to the relations

g=b-1 and g=b-1 (5.16)
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Fig. 5.17: Ideally expected dispersities of multiblock polymers produced by radical polymerization
in the presence of multifunctional RAFT agents. In terms of the distribution of trithiocarbonate
groups, the ideal dispersities must lie in the darker shaded area. Dispersities as obtained from
SEC analysis of molar mass distributions must ideally lie in the total gray-shaded area. Please note
that the upper x-axis of g does not apply to the curve for model A (green).

The diagram in Figure 5.17 shows the dispersities D as a function of the average
number of blocks b and the average number of trithiocarbonate groups g. The
dispersity in terms of the distribution of blocks among the molecules must lie
within the area shaded in the darker gray. For comparison with measured SEC
traces, however, it is more sensible to compare the measured data with the ideal
dispersities in terms of molar masses. Those are not identical, because the blocks at
the end of the polymer chains (growing on one side) are smaller than the blocks
in the middle (growing on both sides). This has been shown experimentally in
previous work and can even be exploited as means to get information on the type of
block reshuffling.!?*4! Depending on the ongoing mechanism, the ratio of middle

and end blocks 7/, can assume values from 1 (for pure model B) to 2 (for pure
model A):

1< Tiinfin < 2. (5.17)
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By defining a new effective block number b, for which end blocks only count as
half blocks, the distribution function for model A can be corrected. The resulting
function A is a Schultz—Flory distribution for b:

i b-1
i 1 -1
— b\ b
The dispersity of this function is
A 1
PDI* =2 - 5. (5.19)
b

This function is additionally plotted as green line in the diagram in Figure 5.17.
Please note that the upper axis does not apply to this curve, since the relation (5.16)
holds no longer true here. The dispersities in terms of polymer masses lie somewhere
within both shaded areas.”

The actually measured dispersities (see Tables 3.11 to 3.18) are even higher. This
cannot be explained by the block distribution and must be caused by a strong
broadening of the individual blocks, presumably due to radical combination. This
is in line with the observed decrease of the block numbers (see next section).

Regarding the block distribution, the synthesis using multifunctional RAFT
agents leads to more homogeneous polymers than with the conventional step-
growth approach of polycondensation,?*?! in this case of a-w-thiol-functionalized
prepolymers and carbon disulfide, or of a-w-halogen-functionalized polymers
with trithiocarbonate anions (see Section 1.2.1.1), which would lead to a Schulz-
Flory distribution,?>****] as has been deduced in literature,*4*?°% even when
end-cappers are used to limit the degree of polymerization.!?**! Only with multiple
polycondensation steps, can the block distribution become narrower.[2>¢2%7]

The strategy followed here for the synthesis of multiblock polymers is further-
more superior to the coupling of prepolymers, because it can be implemented with
less experimental effort, it allows for the production of longer blocks, which are
potentially better defined at the same time, and macromolecules with large block
numbers can be synthesized. Moreover, the number of blocks can also be better
controlled, just by using a mixture of multifunctional RAFT agents with the desired
average number of trithiocarbonate groups b.[44!

*The effect of broadening of the distribution by the SEC measurement,'>*!! which also raises the
dispersities to some extent, is not taken into account here.
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Scheme 5.8: Cleavage of trithiocarbonate groups in polymers by aminolysis with n-butyl amine
and immediate sealing of the thiol groups with n-butyl acrylate.

5.4.5 Cleavage of trithiocarbonate groups

The trithiocarbonate groups of the produced NIPAm polymers can be cleaved in
order to i) obtain reference polymers without sulfur-containing groups for AuNP-
coating experiments and ii) be able to estimate the number of blocks b of multiblock
polymers by comparison of the average molar mass before M, o and after M, ; the
reaction according to:

=

n,0
1=—— -1 (5.20)
¢ Mn,l

Nl

Trithiocarbonate groups can be split into two thiols and the respective thiourea
derivative by nucleophiles, typically amines,!?*?>*! or by hydroxide anions.?°°! In
Scheme 5.8, a one-pot strategy by Qiu and Winnik?®" (2006) is depicted, where
the thiol groups formed by the aminolysis with n-butyl amine are immediately
sealed by thiol-Michael addition!??! of the &,-unsaturated carbonyl compound
n-butyl acrylate. The unwanted oxidative coupling reaction to disulfides2®3-26%] is
thus prevented.2°®! The aminolysis is performed in the presence of tris(2-carboxy-
ethyl)phosphine, 26728 a common specific reducing agent for disulfides!?¢%27!
This method had been the preferred method for the cleavage of the multiblock
polymers in previous studies.?**! However here, as opposed to the other work,
the pNIPAm samples could not be precipitated by addition of a solvent which at
the same time is a good solvent for the other reactants. That is why the polymers
had to be recovered by drying for 1d at 75 °C under high vacuum, making it very
work-intensive. In addition, the hereby produced polymers are not ideally suited for
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Scheme 5.9: Cleavage of trithiocarbonate groups in polymers by reaction with an excess of radicals,
here produced by the decomposition of AIBN.

control experiments on gold surfaces anyway, since their end-groups still contain
sulfur.

Because of these reasons, the alternative cleave method of reaction with an excess
of radicals,?”" which produced very similar results in terms of the SEC analysis
of the cleavage products, was given preference. It is shown in Scheme 5.9 with
AIBN (see Figure 5.13) as radical source. Eventually all polymer chains and tri-
thiocarbonate groups are terminated by a cyanoisopropyl fragment. Reaction was
performed at 85 °C to enable the quick decomposition of all initiator molecules.
The great excess of AIBN leads to a high content of material with low molecular
mass, but the cleaved polymer could be easily isolated by precipitation in diethyl
ether as described above. The third cleavage method involving the thermolysis
of the trithiocarbonate groups at temperatures between 200 °C and 300 °C!272-274]
was not studied here, because it cannot be excluded that at these temperatures also
decomposition of the polymer backbone, altering the outcome of Equation (5.20),
takes place.

No signal was observed with the UV detector when the polymers obtained after
the cleavage reaction with an excess of AIBN were analyzed by means of SEC,
demonstrating the success and the completeness of the reaction. The RI traces of
samples 71°-1¢’ and 7v*-2d’, yielded by the cleavage of a part of the conventional
RAFT polymers 7t-1c and 7-2d, were practically unchanged by the cleavage
reaction (see Table 5.3), because the polymers carried the trithiocarbonate group at
the chain end. In contrast, the SEC traces of the cleaved multiblock polymers (shown
in Figure 5.16 for the five further used samples) were shifted to significantly lower
molar masses, proving that the trithiocarbonate groups had remained distributed
along the polymer backbone during the polymerization. Using Equation (5.20),
the number of blocks b could be calculated by cleaving a small amount of each
produced multiblock polymer sample. The individual results are listed in Tables 3.11
up to 3.18 in Section 3.2.6.1 and, for the most relevant samples, in Table 5.3. Although
it is known that the numbers obtained by this method are usually too low*** and
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similar reactions even gave results under the minimum value of 1, the comparably
low values for b, and especially the general tendency of decreasing b with the
polymerization times indicate that a certain number of trithiocarbonate groups
might have been lost by termination reactions over the course of the polymerizations.
Nevertheless, the chosen samples were proven to possess at least a number of
trithiocarbonate groups, which is clearly sufficient for obtaining meaningful results
in Section 8.3.2.2.
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Chapter 6

High-pressure phase behavior of
aqueous pNIPAm solutions

The underlying theory for the following experiments, namely the special properties
of pNIPAm in aqueous systems, was outlined in Section 1.2.2. This chapter is
dedicated to the study of the special responsive behavior of this polymer upon
exertion of high pressures. In this sense, it is first dealt with using the polymeric
building block alone. By the later combination with nanoparticles, the polymer’s
special responsive features can then be passed on to the resulting smart nanohybrids.

The synthesis of the pPNIPAm samples was presented in Section 5.4. An overview
of the very defined samples that were studied in the current chapter can be found
in Table 5.1.

6.1 Current state of research regarding the
high-pressure experiments

Within the large number of studies on aqueous pNIPAm solutions (see Figure 1.2),
the influence of the pressure on the responsive behavior is treated comparably
sparsely. Although these experiments greatly widen the scope of attained infor-
mation and contribute to the understanding of the systems, the vast majority of
measurements are carried out at atmospheric pressure. This is arguably due to the
fact that these experiments involve a high experimental effort and require specially
designed high-pressure installations.!!! However, there are a couple of reports. In
order to be able to view the performed experiments in the right context, the state of
the art of high-pressure experiments with aqueous pNIPAm solutions is outlined in
a chronological approach, prior to the presentation of the actual experiments. It
will probably be helpful for following along the rest of this section to already have a
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look at the general shape of an actual cloud-point curve, for example in the diagram
in Figure 6.6.

The first article treating pNIPAm at substantially increased'*™®' pressures in any
form was published by Lee et al.l”! (1990). They analyzed the volume of highly
crosslinked pNIPAm hydrogel particles at pressures up to 170 bar and stated that the
swelling behavior was relatively insensitive to pressure changes. Ohta et al.!®! (1991)
then studied aqueous solutions of linear pNIPAm using a simple high-pressure
apparatus!® that allowed to increase the pressure up to 400 bar and to study the
solution by "H-NMR spectroscopy, but not optically. From the measured transverse
relaxation times (73), they concluded that the application of pressure generally
prevents the clouding of the solution.

Otake et al.'%! (1993) were the first to detect the actual cloudiness of aqueous
pNIPAm solutions at pressures up to 2500 bar by light scattering and could present
a phase diagram, showing the general features, although the pPNIPAm sample had
been prepared by conventional radical polymerization (see Section 1.2.1.1) and was
quite ill-defined (P = 3.0). Their phase diagram showed that the cloud temperature
first increases by approximately 2°C, when the pressure is raised, and then re-
decreases at pressures of over about 500 bar. Conversely, the described curve shape
indicates that raising the pressure at a constant temperature slightly over the cloud
temperature at atmospheric pressure will lead to the solution first becoming turbid
and then clearing up again. At these high temperatures, the phase-separation
curve is very sensitive to temperature changes, but very insensitive to pressure
changes (temperature-induced clouding). Following the curve beyond the turning
point to lower temperatures, the cloud pressures become increasingly higher up
to values of over 2000 bar. Below the atmospheric-pressure cloud temperature,
increasing the pressure always leads to a phase change from clear to turbid. Otake
et al. already postulated that different factors govern the clouding process in the
low-pressure and the high-pressure region. Kunugi et al."!! (1997) confirmed that
the cloud-point curve features a turning point, when comparing the high-pressure
behavior of pNIPAm (P = 3.3) in water with that of a similar polymer, poly(N-
vinylisobutyramide).

In a follow-up publication,'?! they studied the influence of added salts on the high-
pressure behavior of aqueous solutions of these two polymers. Depending on the
type of salt used (and in particular on the type of anions), they reported a shift of the
cloud curves to lower pressures, approximately linear with the concentration. Some
ions led to a shift of the cloud-point curves to higher pressures, but only when the
salt was added in very low concentrations.'?! In a second follow-up publication,!"!
fractionated, and thus more defined, pNIPAm samples (M, = 1.2 x 10* gmol !,
4.9 x10* gmol™, 60 x 10* gmol ™!, and D = 1.5, 1.8, 2.5) were examined for the first

[2-6]
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time. It was found that the cloud-point curves are shifted to slightly lower cloud
pressures with increasing molar mass. Hereby, the authors could also show that
the dependence of the phase-separation curve on the temperature becomes very
weak at temperatures below 0 °C (pressure-induced clouding). Later, it was reported
that incorporation of acrylic acid into the pNIPAm chains increases the sensitivity
towards changes of the pH value in high-pressure experiments.'#! Rebelo et al.!"")
(2002) confirmed the postulated dependence of the polymers’ M, values on their
high-pressure behavior in aqueous solutions and also stated that the curves are
almost independent of the pNIPAm concentration. It seems, however, that the
critical composition is shifted to slightly lower values (from 6.5 %) when pressure is
applied.[®!

In a series of publications, E. Kato! studied the thermodynamic and ma-
terial properties of highly crosslinked pNIPAm hydrogels in a high-pressure cell.
Compressing a gel is, nevertheless, experimentally totally different from examin-
ing true solutions and gives insight into other aspects of the phase transition,2®!
although hydrogels are arguably one of the major high-pressure applications for pNI-
PAm. Kitadal?”! (2001) directly prepared a pNIPAm hydrogel with possibly advan-
tageous structural properties by crosslinking at pressures of 2 000 bar. Shibayama et
al.1?8! (2004) investigated aqueous solutions of both non-crosslinked pNIPAm
and pNIPAm networks (and later as well copolymers with acrylic acid)?>*%! us-
ing the same set-up by small-angle neutron scattering, going up to pressures of
about 2000 bar, and showed that both systems are indeed comparable and that
the non-interconnected polymer can therefore be regarded as a model system for
the hydrogels, the curve of the latter only being systematically shifted to slightly
higher cloud pressures, presumably due to the chemical nature of the crosslinker.
The same group also compared the cloud curves of solutions in H,O with those in
D,O0. The finding that the cloud temperatures were systematically higher in D,O
was explained by the molar volume isotope effect.*! A downside of the study of
Shibayama et al.*8 (2004), in addition to the fact that they conceal the molar mass
of the examined polymers, is the limitation that they could only perform measure-
ments at temperatures higher than room temperature and therefore unrealistically
extrapolated elliptical curves into the low-temperature regime.

Meersman et al.®? (2005) investigated the hydration properties of pNIPAm
chains in aqueous solution by Fourier transform infrared spectroscopy at the
temperature-induced phase transition at low pressures and the pressure-induced
phase transition at very high pressures of 10000 bar. Their results showed that
the underlying mechanisms of the phase transition at high and low pressures
(temperature-induced and pressure-induced clouding) are fundamentally different
on a microscopic level, although the macroscopic effect of clouding is visually iden-

17-25]
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tical. (See Section 1.2.2.1 for the theoretical coverage of the temperature-induced
clouding—the coil-to-globule transition.) Higher pressures lead to a strengthening
of both the hydration of the polymer’s amide groups and of the C—H - .. O hydrogen
bonds of water molecules to the hydrophobic alkyl groups, and thus to an increasing
temperature of the phase transition. However, the temperature increase is only
very low and hard to observe because of the steepness of the cloud curve. After
the pressure-induced increase of the polymer’s solubility, another effect takes over,
which leads to a decrease of the cloud temperature at higher pressures. The curve
proceeds through the low-temperature region and the cloud-point curve becomes in-
creasingly temperature-independent. Meersman et al. attribute the phase transition
at low temperatures to water-water interactions, by which the interactions between
water and pNIPAm are destabilized.*? In a later study,****! they proved the re-
versibility of the phase-separation process by hybrid two-dimensional correlation
infrared spectroscopy.l*>¢! Piihse et al.’”! (2010) extended the Fourier transform
infrared measurements of aqueous pNIPAm solutions to low temperatures over a
wide range up to 10 000 bar and confirmed the postulation by Meersman et al. that
the hydration of pNIPAm increases at high pressures. They attributed—at least in
part—the weakening of the hydrophobic interactions as being responsible for the
occurring phase separation.

Recently, the structure of pNIPAm microgels®®! (gels in the colloidal-size do-
main)®* under high pressure was examined.!"**! The main difference of microgels
is that the transition is only characterized by shrinking of the gels, which usually
still stay colloidally stable, so that no macroscopic effect results.

It is generally thought that the mechanism at low temperatures/high pressures re-
sembles that of “cold” denaturation of proteins[‘“] and other natural macromolecules,
that means, the phenomenon that proteins can also be denatured by applying high
pressures.!*>*3 Aqueous solutions of pNIPAm are regarded as a model system[**
to study this phenomenon,*>#°! being the main motivation behind several of the
previously referenced studies. It was shown that indeed thermodynamic parameters
in the same order of magnitude were found for both clouding processes.*”*”! Using
a polymer model system has the advantage that it is easy to handle, the process is
reversible and can be isolated from other factors like secondary-structure changes
and the spectroscopic data are free from signals caused by irrelevant functional
groups.

Very recently, Osaka et al.[*®! (2012), following up another study, where they
performed quasi-elastic neutron scattering with aqueous pNIPAm solutions under
high pressures,!*”! studied the ternary system of pNIPAm in mixtures of water
and another solvent, DMSO, which exhibits cononsolvency behavior with a UCST-
like curve (see Figure 1.3) at the side of higher DMSO content, under high pres-
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sures. (Cononsolvency of aqueous pNIPAm solutions was described theoretically
in Section 1.2.2.2.) They found inverted convexities of the pressure-temperature
phase-separation curves at very low and very high concentrations of DMSO as
cononsolvent,[*8! but did not provide data in between these two concentration
regimes, because they were not able to cool their apparatus.

In the work presented in the following, a remaining informational gap is closed
and the understanding of aqueous pNIPAm systems is pushed forward by mapping
out the pressure-temperature phase behavior of solutions of pNIPAm in mixed
solutions of water and several other organic solvents which provoke cononsolvency,
up to low temperatures and high pressures in a discontinuously operated high-
pressure cell. In addition, a series of cloud curves with ethanol as the additive over
the whole cononsolvency region will be presented, in which a gradual complete
inversion of the phase behavior is observed.

6.2 Experimental acquisition of cloud-point
curves

6.2.1 Acquisition of cloud points at elevated pressures

The pressure-temperature curves of the aqueous pNIPAm solutions were obtained
with a set-up shown schematically in Figure 6.1. It featured a temperature-controlled
stainless-steel high-pressure cell with a sapphire window of 21.2 mm aperture on one
side, through which the cell’s constantly stirred internal volume could be monitored
and recorded with a borescope camera, which was fitted into the cell body. It
is especially noteworthy that, as opposed to set-ups used in most of the above
listed studies, the optical cell could not only be heated, but also cooled to very
low temperatures, thus expanding the accessible range. The temperatures were
determined with a thermocouple going directly into the solution. The whole set-up
had originally been assembled by members of the group of Professor Dr. M. Buback
in Gottingen.!>4 A more technical close-up of the high-pressure cell was already
shown in Figure 2.1 in the instrumental part. The high pressures were generated
and regulated by pressing n-heptane as pressurizing medium into the cell with a
syringe pump.

Homogeneity of the reacting system was monitored by visual inspection. A turbid
solution appeared dark. Figure 6.2 displays stills of a clear and a turbid solution in
the high-pressure cell, extracted from the borescope camera’s video. The individual
cloud points were obtained by variation of pressure at given temperatures. (But
identical values are in principle obtained by temperature variation.)"!! While the
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Fig. 6.1: Set-up for the high-pressure cloud-point measurements. 1) pressurizing fluid n-heptane,
2) HPLC pump, 3) double spindle valve, 4) syringe pump, 5) strain gauge as pressure transducer, 6)
computer, 7) hard-disc recorder, 8) screen, 9) dehydrated compressed air, 10) valves, 11) sheathed
thermocouples, 12) temperature control shell, 13) stainless-steel cell body, 14) movable piston
with O-ring, 15) magnetic drive, 16) stirring bar, 17) internal volume with sample solution, 18)
sapphire window, 19) video borescope camera, 20) halogen light source. See Figure 2.1 for a
close-up technical sketch of the cell. (Reprinted and adapted with permission from a previous
publication.*! Copyright 2014 American Chemical Society.)

temperature was constant, the reproducibility of the cloud-point pressures was
usually better than +20 bar.

6.2.1.1 Range of operation

The cell had been laid out to be tight during operation up to 3 000 bar, marking the
maximum pressure for the measurements. The lowest possible pressure was the
atmospheric pressure of around 1bar. The highest temperature was about 300 °C,
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(a) a transparent solution (b) a turbid solution

Fig. 6.2: Stills of the inside of the high-pressure cell for cloud-point determination, extracted from
the borescope camera’s video. The difference can be clearly distinguished. For (a), the screw on the
movable piston (see Figure 2.1), the movement of the stirring bar and possibly moving air bubbles
can be seen. The bright crescent is the reflection of the light source on the sapphire window. The
polymer concentration of the photographed solution is 5g L™}, (Reprinted and adapted with
permission from a previous publication.l**) Copyright 2014 American Chemical Society.)

but this limit was practically irrelevant, as the cloud points at increased pressures
were generally found at low temperatures.

The lower barrier for the measurements was the freezing of the water. Since water
exhibits the anomaly that the molar volume of the frozen state ice is higher than
that of the liquid state, the freezing point can be depressed by applying increased
pressures, making it possible to measure the phase behavior of aqueous solutions
down to temperatures below 0 °C in high-pressure experiments. In order to quantify
this statement, an expression for the mathematical description of the fusion curve of
pure water—exceeding the mere statement of it having a negative steepness—shall
be formulated. Based on the Clausius—Clapeyron equation, which describes the
slope of the phase-separation line, a formula can be found relatively easily:

dP AHm fus
— = 6.1
dT  TAVifus (61)

Here, T is the temperature, p the pressure, AHy, f,s the molar latent heat of fusion,
and Vi, fus the molar volume change at the transition.
A Vi fus can be calculated from the different densities p; of water and ps of ice:

Mu,0  Mn,0

A Vm,fus =
Pl Ps

(6.2)

The molar mass of water is My,o = 18.02 g mol~". It can be assumed that the density
of ice remains constant at p, = 0.917 gcm ™ over the whole range of interest. (The
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-40
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Fig. 6.3: Range of operation (shaded area) of the high-pressure apparatus for water. It is limited
by the maximum pressure for which the cell was designed (dashed line) and the freezing curve of
water (blue line), which was calculated via (6.6). (Reprinted and adapted with permission from a
previous publication.®®) Copyright 2014 American Chemical Society.)

solid phase is the hexagonal ice phase I}, all along the melting curve.) Liquid water,
however, is compressed to a small extent under high pressures. For —15°C, a value
of pi(15°C) ~ 0.997 gcm™ was found,®>=>") as opposed to the maximum value
of p;(4°C) = 1.00gcm™>. Assuming a linear correlation®® for values below the
maximum of 4 °C, one obtains:

18.02gmol ™!
AVm,fus(T) = 3 B 2 3.1
1.00gem™ - (269.15K - T) x3x107*gem™ K 63)
18.02 g mol ! ’
0.917gem ™"

In view of the higher and more uncertain temperature dependency of the latent
heat of fusion, however, the temperature dependency of AV;, sys is neglected here
and an average value of p = 0.998 gcm ™ is assumed for the density of liquid water,
so that the expression reduces to

18.02gmol™"  18.02gmol™

AV gus(T) =
£us(T) 0.998gcm™  0.917gem™

= -1.59 cm® mol ™. (6.4)
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The latent heat of fusion AHy, f,s of water is AHyy, £,5(0 °C) = 6.01k] mol .51 For
-15°C, a value of AHy, £,(~15°C) = 5.4k] mol™! was found by Bertolini et al 160]
(1985), who also reported a very linear correlation with the temperature, so that it
can be formulated that

AHp, fys = 6.01kJ mol ™ + 0.04 k] mol ™' K™(T - 273K)

6.5
=0.04kJmol ' K™ x T - 4.91kJ mol™". (63)

Insertion of (6.4) and (6.5) in (6.2), integration from T; = 273.16K and p; =
6.117 3 x 1073 bar (triple point) to T, and p,, and separation of p; finally yields:

P2 = —1.04546 x 10° bar — 251.57 bar x T,K™" + 3.088 5bar x In(T,K™).  (6.6)

The digits of the parameters do not reflect the significance, but are needed for the
curve to not miss the triple point, given the mathematical form of the function.
The eventually found Formula (6.6) renders very well the experimental data for the
freezing curve.[°V

Figure 6.3 shows a plot of (6.6). The dashed line is the maximum pressure for
which the cell design was laid out. The lowest temperature of operation was therefore
about —20°C. The total shaded area of the diagram indicates the range, in which
phase-behavior measurements could in principle be performed. It can be seen
that the freezing curve is so steep that one would gain only a small decrease of the
minimum temperature in the case that the cell was replaced with another, more
sturdy one. In practice, no pure water was used, but mixtures with pNIPAm and
possibly other additives. This leads to further freezing-point depression. Hence, the
curve for pure water in Figure 6.3 can be seen as the upper limiting level.

6.2.2 Acquisition of cloud points at atmospheric pressure

The cloud points at atmospheric pressure were measured in a spectrophotometer,
equipped with a heating function, and not in the high-pressure apparatus, because
the latter did not allow the pressures to be set precisely in the region of very low
pressures, and the spectrophotometer also enabled a more detailed view on the
optical effect of the clouding.

For a1gL™" aqueous solution of 7t-5 , the complete optical spectrum was mea-
sured exemplarily every 5 s while heating up the sample over the cloud temperature
of T. = 32.9°C, at a rate of approximately 2°C min™'. All taken spectra are shown
in Figure 6.4. The color of the curves in the diagram turns gradually from blue to
red for higher temperatures. (The difference between the first and the last curve
is only about 1°C. But even this delay is expected to be only a kinetic effect. The
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Fig. 6.4: Optical spectra taken continuously (5s per run) while heating (blue to red) an aqueous
solution of RAFT-prepared pNIPAm (sample 7t-5d with 1gL™!) over the cloud temperature.
The peak at A = 307 nm is caused by the absorption of the trithiocarbonate end-group. For the
actual cloud-temperature measurements, only the attenuation at the wavelength of A = 400 nm,
marked with a dashed line, was scanned, allowing for a higher signal-to-noise ratio. (Reprinted
and adapted with permission from a previous publication.°°! Copyright 2014 American Chemical
Society.)

clouding is remarkably abrupt.) The peak at around 320 nm is caused by absorp-
tion of the trithiocarbonate group,®?' which is incorporated as polymer end group
(see Section 5.4.1). It can be seen that along with the clouding, the whole optical
spectrum is increased, due to scattering and absorption at the formed agglomer-
ates of polymer globules. It was decided to only monitor the attenuation at the
wavelength of A = 400 nm, marked in Figure 6.4 with a dashed line, in subsequent
cloud-temperature measurements. This allowed for both a higher repetition rate
and a lower measuring time, giving a higher time-resolution (12min™') and an
increased signal-to-noise ratio at the same time. At the wavelength of A = 400 nm,
the attenuation was almost zero at lower temperatures, but the clouding still pro-
voked a very distinct change in the spectrum. Other groups chose the wavelength
of A = 500 nm in similar measurements, 12!
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Fig. 6.5: Determination of the cloud-point at atmospheric pressure (A = 400 nm), demonstrated
for different aqueous pNIPAm solutions (sample 7t-10 ) with equal amounts (75 mmol L™!) of
terminal n-alcohols as additives. The horizontal dashed line indicates the relative attenuation (10 %
of the maximum) which had to be exceeded for the solution to be considered turbid. (Reprinted
and adapted with permission from a previous publication.>®) Copyright 2014 American Chemical
Society.)

In Figure 6.5, the analysis procedure at atmospheric pressure is demonstrated
exemplarily for aqueous solutions of pNIPAm (sample 7t-10, 5gL™") with equal
amounts of different n-alcohols (75 mmol L™!). The measured values can be found
again in Figure 6.9 below. The attenuation which had to be exceeded for the solution
to be considered turbid, 10 % of the maximum value, is marked with a dashed line.
For all cloud-point curves shown in this chapter, the values at atmospheric pressure
were obtained this way.

6.3 Finding reference conditions

6.3.1 Polymer concentration for the measurements

At first, in order to find a reference concentration for all subsequent measurements,
the same pNIPAm sample 7t-5d (M, = 8.04 x 10* gmol !, D = 1.38) was measured
in the three different concentrations of ¢ = 0.2gL™',1.0gL™!, and 5.0 g L™". These
are typical concentrations used in the literature.[°>] A higher concentration than
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Fig. 6.6: Effect of the polymer concentration on the cloud points: cloud-point curves of an aqueous
solution with different concentrations of pNIPAm (sample 7t-5d ).

5.0 gL ™" would not be practical because the polymer already needed several hours
to dissolve during the sample preparation and with the required minimum sample
volume of 50 mL per measurement this concentration already means using up
250 mg of polymer in one single run. The obtained cloud-point curves are shown
in the diagram in Figure 6.6. They are plotted as a function of the temperature,
since the points were obtained by variation of pressure at given temperatures. The
areas where the solutions were cloudy are shaded in gray in all diagrams in this
Section. Kunugi et al. interpreted the cloud-point curves as quarter ellipses and
fitted their data accordingly.l" Elliptical curve shape is also expected for the cold
denaturation of proteins.[*) In the experiments presented here, however, not all
recorded cloud-point curves exhibited re-decreasing values in the observed range,
and this finding was in no case very pronounced. For want of a known physically
justified mathematical function to describe the cloud-point curves, the data points
were just connected linearly for the shading.
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The general shape of the cloud-point curves is the same for all measurements
with pNIPAm samples and relatively low concentrations of additives. It is therefore
discussed first in general at this point, before the details will be highlighted for the
individual measurements. As already mentioned when outlining the state of the
art, the curves feature a (barely visible) turning point at some degrees above the
atmospheric-pressure cloud temperature and around 500 bar, before proceeding
to lower values with constantly decreasing influence of the temperature. There,
the curve is very flat and the clouding becomes an almost solely pressure-induced
phenomenon. For the temperatures above the cloud temperature at atmospheric
pressure, the slope of the curves is very high and it was thus not possible to obtain
reliable values in that region. Nevertheless, the shape of this region has been ex-
amined in the literature with other methods and it is absolutely undisputed that a
maximum in the curves does indeed occur with a pressure of about 500-1000 bar
at the highest temperature,101-13-15]

Getting back to the actual cloud-point curves in Figure 6.6, the curve measured
for a polymer concentration of 0.2 gL™" and the one with 1.0 gL™" are almost super-
imposed. The curve with a concentration of 5.0 gL ™" starts in the same region for
higher temperatures, but lies clearly under the other curves in the region of lower
temperatures. This might in part be due to the optical effect that the clouding is
earlier visible, but the abruptness of the transition makes this unlikely (compare
with Figure 6.5). At 2300 bar, the difference to the other two cloud-point curves
is approximately 15 °C. This immense discrepancy proves a concentration depen-
dence in aqueous pNIPAm systems at high pressures, unlike stated elsewhere.!!"’
All following curves in this chapter were measured with the same polymer concen-
tration of 5g L', because this concentration is close to the critical concentration at
atmospheric pressure!'®>! and allowed for a more unambiguous optical detection
of the clouding at all temperatures (compare with Figure 6.2). A cloud curve found
at lower pressures is also preferable in view of the maximum pressure of 3000 bar
in the cell (see Figure 6.3), given the finding presented below (Section 6.4.1.2) that
some additives shift the low-temperature region to higher pressures. Nevertheless,
it is important to be aware of the concentration effect, especially when comparing
obtained results with literature data.

6.3.2 Influence of the polymer chain-length

Even regarding the cloud point of pure aqueous pNIPAm solutions at atmospheric
pressure, there is a controversy in literature on whether it is increased,!°>”) de-
creased,*®%°) or not affected!”*~7%! by the molar mass of the pNIPAm chains. In the
most recent publication on this issue, Furyk et al.’*! (2006) examined fractionated
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Fig. 6.7: Effect of the molar mass on the cloud points: cloud-point curves of aqueous solutions
of pNIPAm samples 71-8b, 7t-9 , and 7t-5d (¢ = 5gL"), samples listed with increasing My
values). (Reprinted and adapted with permission from a previous publication.[*"] Copyright 2014
American Chemical Society.)

pNIPAm samples with very defined molar masses with regard to their cloud points
in aqueous solutions and came to the convincing conclusion that there is no effect of
the molar masses and that small changes in the cloud temperature are solely caused
by different end-group concentrations.

Figure 6.7 shows the cloud-point curves of equally concentrated aqueous so-
lutions of the polymer samples 7t-8b (M, =1.49 x 10* gmol‘l, D =1.20), -9
(M, =2.74 x 10* gmol ™, P = 1.16), and 7t-5d (M,, = 8.04 x 10* gmol~}, b = 1.38),
that possess distinctly different molar masses. While all three systems exhibit the
atmospheric-pressure cloud point at approximately the same temperature, it is evi-
dent, that for the system with the shortest polymer chains, the cloud points at lower
temperatures are found at significantly increased pressures. Or, speaking in terms
of temperature variation, at a pressure of 2 000 bar, the cloud point of the solution
of 7t-8b 1is found at a 12.4 °C lower temperature than that of the solution of 7t-9 .
Between the other two systems, the effect is much less pronounced. The finding of
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lowered cloud-point curves for NIPAm polymers with higher molar masses is in
line with literature reports,!'>!*! but it is more pronounced here, presumably due
to the lower dispersity of the examined samples. At first, the higher end-group
concentration seems unlikely as the reason for the systematic shift, because the
RAFT agent p-4 itself is only very poorly soluble in water. But the effect is com-
parable to the finding presented below (Section 6.4.1.2) that n-alcohols increase
the solubility at low temperatures with increasing length of the hydrophobic alkyl
chain. In this sense, the hydrophobic end groups would then act as a compatibilizer
for the solution. However, other factors, such as a kinetically strongly retarded
agglomeration of smaller globules under high pressures, cannot be ruled out.

As seen above for the concentration dependence, also the curves for different
molar masses of the NIPAm polymer illustrate very well that from coinciding cloud
temperatures at atmospheric pressure, it cannot be concluded that the cloud points
are identical over the whole pressure/temperature range, which should be taken
into account for any considerations. Moreover, the necessity of using samples with
very low dispersities is highlighted, ideally with not too low M, values.

All curves discussed in the rest of this chapter are from solutions of the very
defined sample T-9 (M, = 2.74 x 10* gmol™!, D = 1.16) or sample t-10 (M, =
3.17 x 10* gmol ™, D = 1.10), which was purposely prepared in a particularly high
amount to enable experiments with a maximum of comparability. Both samples are
comparable in their chain-length characteristics.

6.4 Effect of additives

6.4.1 Effect of additives at low concentrations
6.4.1.1 lonic additives

As outlined in Section 6.1, the effect of added inorganic salts on the pressure-
temperature cloud-point behavior of aqueous pNIPAm solutions has already been
studied.!>1%!

Here, only one cloud-point curve with added NaCl is presented as an example to
be able to compare the measurements with organic additives to the aqueous pNI-
PAm solution with this curve. In Figure 6.8, the cloud-point curve of an aqueous
solution of 7t-9 is reproduced from Figure 6.7 and in addition the curve is plotted
where 0.2mol L™ of NaCl were added to the same solution, which is still clear at
room temperature.” The decrease of the cloud pressures is in line with the results

* An isotonic saline contains 0.154 mol L™! of NaCl and sea water on average 0.6 mol LY, so that the
examined solution has a concentration between these values.
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Fig. 6.8: Effect of added salt on the cloud-points: cloud-point curves of a pure aqueous pNIPAm
solution (719, 5gL™!) and of a solution with an additional amount of NaCl (0.2 mol L™1). The
regions where the solution was turbid are shaded in gray. (Reprinted and adapted with permission
from a previous publication.l*”] Copyright 2014 American Chemical Society.)

from literature.'">"*! Notably and in total contrast to the curve from a sample with
lower molar polymer masses (Figure 6.7), the curve with NaCl starts at atmospheric
pressure very far from the solution without additives and then approaches it with
decreasing temperatures. At 25 °C, the solution containing NaCl is already turbid
at atmospheric pressure, while the solution without NaCl remains clear up to pres-
sures of over 1500 bar. At —10 °C, both solutions turn turbid at approximately the
same pressure. It seems that added salts mainly influence the temperature-induced
clouding, while the chain lengths primarily affect the pressure-induced clouding at
low temperatures. This totally different tendency again shows the necessity to have
a detailed look on the whole cloud-point curve for any considerations.

As stated above, the pressure-induced phase transition in the low-temperature
range seems to be fundamentally different from the well-known coil-to-globule
transition at atmospheric pressure,'*?! which is also supported by the fact that the
turbid solutions at low temperatures differed from the turbid solutions at higher
temperatures in their appearance being less opaque. The clouding at low tempera-
tures is probably not caused by dehydration of the polymer chains, but rather by
the completely different properties and formed structures of supercooled water



6.4 Effect of additives 187

in this high-pressure region,’*%”! but a liquid-liquid transition ®®%! with a cate-

gorically different cooperative medium-range ordering can be excluded.!”*!! For
example, a strengthening of the intermolecular water-water hydrogen bonds at high
pressures has been reported'®? in addition to the increase in density, which could
overcompensate the strengthening of the water-polymer interactions. The shape of
the cloud-point curve makes clear that this effect must be mainly dependent on the
pressure, rather than the temperature, or that two opposite effects compensate each
other.

6.4.1.2 Organic solvents as additives

The studies were now expanded to different organic solvents as additives to aqueous
pNIPAm solutions. Preliminary experiments with #n-propanol had shown that
0.075mol L™" (~ 1 additive molecule per 1000 water molecules) was well suited
as a constant additive concentration, provoking significant changes in the cloud-
point curve, while these effects are still small enough to leave the curves within the
observable region. All examined solvents are completely miscible with water in this
concentration.

In Figure 6.9, the cloud-point curves of an aqueous solution of pPNIPAm sam-
ple T-10 (M, = 3.17 x 10* gmol ™!, D = 1.10) are shown, contrasting the solution
in pure water with the solutions containing the homologous row of #-alcohols up
to n-pentanol. At atmospheric pressure, the cloud temperatures are increasingly
lowered with higher hydrophobicity of the added alcohol (also see Figure 6.5), from
31.5°C for the pure solution to 22.6 °C for the system with n-pentanol, an exception
being the small rise to a cloud temperature of 31.9 °C which occurs for methanol at
this low concentration. The measured values are in line with the expectations based
on the literature!®*! and nicely illustrate the classic effect of cononsolvency, since all
alcohols are good solvents for the polymer.

Following the cloud-point curves to low temperatures, however, this effect is
completely reversed. In the low-temperature region, the added alcohols lead to a
considerable increase of the cloud pressures. For temperatures lower than 0 °C, all
curves with added cononsolvents lie more than 300 bar above the curve without
additives. With respect to the maximum pressures, found for all curves in the region
around —10 °C, the effect is higher for more hydrophobic alcohols. However, the
influence of the chemical nature of the cononsolvent is clearly less pronounced in the
low-temperature than in the high-temperature range. For example, the maximum of
the curve for the system with n-pentanol lies only 130 bar higher than the maximum
of the curve for the solution with added methanol. This again indicates that the
temperature-induced and the pressure-induced clouding are indeed caused by
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Fig. 6.9: Effect of different alcohols on the cloud-points: cloud-point curves of aqueous solutions
of pNIPAm solutions (sample 7t-10, ¢ = 5g L") with no additive and different n-alcohols as
additives (¢ = 0.075mol L™!). The areas where the solution was turbid are shaded in gray. The
two frames below the diagram are 200 % magnifications of the low-temperature and the high-
temperature region for better visibility. Figure 6.5 shows the determination of the cloud-points at
atmospheric pressure for the six systems examined in this diagram. (Reprinted and adapted with
permission from a previous publication.[*®! Copyright 2014 American Chemical Society.)
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substantially different processes. The converse effect of the cononsolvents in the
two temperature regimes necessarily entails that all curves must cross each other at
some point in between.

While the addition of salt simply had an increasingly smaller pressure-reducing
effect in the low-temperature regime (Figure 6.8), the organic additives even increase
the cloud pressures in this region. This diversity in their behavior indicates different
cloud-point lowering mechanisms for alcohols and salts. An analogous effect to
the one of the alcohols was found for the additives acetone, 2-propanol, and DME
measured at the same concentration of 0.075 mol L™! (data not shown).

The observed opposite effect in the two temperature regions can be interpreted
in terms of solvent-solvent interactions (see Section 1.2.2.2): If, at atmospheric pres-
sure, the solubility of pPNIPAm is reduced by the energetically favorable structures
formed between water and the additive, it can be assumed that these structures
are just destroyed at high pressures, making the polymer even more soluble in
the therefore more hydrophobic solvent mixture. One could also argue that an
opposite finding could be considered as an argument refuting this model, since it is
very unlikely that solvent-solvent structures are preserved at such high pressures.
For an interpretation in terms of solvent-polymer interactions, one would have to
assume that the structures formed by competitive binding of the additive molecules
to the polymer chains require more space than the associates with water and are
thus pushed back at high pressures. The explanation for the increased solubility
would then again be the higher hydrophobicity of the solvent mixture as in the
former argument. To be able to shed more light on this aspect, it would first be
necessary to thoroughly understand the mechanism behind the clouding at low
temperatures. However, given the results presented here alone, it can be clearly
stated that, regardless of the preferable explanation for the cononsolvency effect
found for aqueous pNIPAm solutions, it only occurs at low pressures.

6.4.2 The cononsolvency region

Finally, the effect of one of the additives was studied over the whole cononsolvency
range (see Section 1.2.2.2), systematically varying the concentration of added al-
cohol. Ethanol was designated for this task, since it is miscible with water at all
concentrations and is the most ubiquitous and least poisonous of all examined
solvents. The system water/pNIPAm/ethanol shows UCST-behavior (see Figure 1.3)
at the branch of higher ethanol content of the cononsolvency miscibility gap at
atmospheric pressure.°*!

The mole fractions x of added ethanol were chosen in a preliminary experiment,
in which ethanol was added in small portions to an aqueous pNIPAm solution
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Fig. 6.10: Relative attenuation (A = 400 nm) of an aqueous pNIPAm (sample 7t-10, 5gL )
solution at 20 °C and atmospheric pressure with increasing mole fraction of added ethanol. The
region where the solution was turbid is shaded in gray. (Hereby, the points are interpolated
linearly.) The vertical dashed gray lines, labeled with letters, mark the concentrations which were
used for the corresponding cloud-point measurements shown in Figure 6.11. (Reprinted and
adapted with permission from a previous publication.®®] Copyright 2014 American Chemical
Society.)

(still sample 7t-10 with ¢ = 5gL7") at 20°C, while constantly monitoring the
attenuation at A = 400 nm in a spectrophotometer. In the acquired diagram, shown
in Figure 6.10, the miscibility gap is well visible, approximately extending from
x = 0.05 to x = 0.32, which corresponds well to the expectations based on the
literature.[*! Notably, the clouding process is more abrupt than the solution clearing
up again, when more ethanol is added. The compositions of the samples, for which
the cloud-point curves were then acquired, are marked with vertical dashed lines:

a) pure aqueous pNIPAm solution,

b) very little amount of ethanol added (sample identical to the one examined in
Figure 6.9),

c) lower boundary of the miscibility gap,

d) lower half of the miscibility gap,



6.4 Effect of additives 191

e) approximate middle of the miscibility gap,
f) upper half of the miscibility gap,

g) solution beginning to clear up,

h) upper boundary of the miscibility gap.

Figure 6.11 shows all cloud-point curves obtained for these systems. The labels
in this diagram correspond to the marked compositions in Figure 6.10. The trend
from diagram 6.11a to diagram 6.11b was already discussed above.” Both effects at
low and high temperatures then increase with higher concentrations of ethanol. In
diagram 6.11c, the curve is even further rotated and clouding is no longer observed
at all at low temperatures. At the same time, the turbid region extends to lower
temperatures in the atmospheric-pressure regime—the classic cononsolvency effect.
The apparent clockwise rotation of the phase diagram proceeds with increasing mole
fraction of ethanol via diagrams 6.11d and 6.11e, through to diagram 6.11f, where a
certain composition in the middle of the atmospheric cononsolvency miscibility
gap is reached. For this very specific mixture, the solution is turbid over the whole
temperature range at lower pressures and becomes clear by increasing the pressure
to values of over approximately 1000 bar, almost completely independent of the
system’s temperature. The very low slope of this curve is remarkable and makes the
system work as a temperature-independent pressure switch.

When further increasing the concentration of ethanol (diagrams g and h of Fi-
gure 6.11), the solution becomes turbid only for very low temperatures and pressures
and the phase-transition curve is eventually shifted out of the experimentally acces-
sible region so that the system appears as completely miscible. It can be envisaged
that this behavior is representative for all cononsolvency systems which exhibit a
UCST behavior for high cononsolvent concentrations at atmospheric pressure, such
as systems containing the other alcohols with longer hydrocarbon chains or DMSO
(see Section 1.2.2.2).1%! Notably, the phase-behavior becomes completely converse
to the situation without additive, when adding ethanol:

o At an arbitrary constant pressure, the aqueous system turns turbid when
increasing the temperature (LCST behavior), whereas it clears up with raising
temperature when the ethanol content is higher than approximately x = 0.23.

At a constant temperature, the aqueous system turns turbid when increasing
the pressure, whereas it clears up in the mixture with ethanol.

*The mole fraction x = 0.001 is identical to a concentration of ¢ = 0.075mol L™! in water.
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Given the above findings, the expressions “temperature-induced clouding” and
“pressure-induced clouding” can no longer be reasonably applied for such high
ethanol concentrations, although still two different phase-transition mechanisms
are expected to exist. Once again, solvent-solvent interactions and solvent-polymer
interactions (see Section 1.2.2.2) can be attributed for this behavior, in an analo-
gous way as described above, only that both effects become more pronounced. A
conceivable, but yet speculative explanation based on solvent-solvent interactions,
namely the formation of network or cluster structures of water and ethanol, could
be as follows: The higher the concentration of ethanol in the system, the lower
the degree of ethanol which is incorporated in structures with water molecules.*
This would presumably lead to a more readily occurring and stronger release of
ethanol molecules when the hydration structures break by exertion of pressure,
enabling the ethanol to interact with the NIPAm polymer. Ethanol is less polar
than water and it is reasonable to expect that it interacts in a manner which is more
van-der-Waals-force based and therefore less pressure dependent than the very
directed interactions between water and pNIPAm. This fact would shift the cloud
curve to higher pressures in the low-temperature region, while the cononsolvency
lowers the cloud temperature at ambient pressure. The combination of both effects
would then lead to the apparent clockwise rotation of the cloud curves. At higher
ethanol contents, undirected interactions then seem to govern the solvency over
the whole temperature range.

6.5 Conclusions from the cloud-point
experiments

In this chapter, by capitalizing on the option of applying elevated pressures, a
completely new aspect of phase behavior was found for the already very well studied
systems of aqueous pNIPAm solutions.

Conversely to their effect at atmospheric pressure, all common organic cononsol-
vents lead to an increasing solubility of the polymer in the low-temperature/high-
pressure region, when added in low concentrations. A gradual and complete inver-
sion of the phase-separation behavior regarding both the effects of pressure and
temperature was found by increasing the mole fraction of added ethanol over the
whole cononsolvency range. As a very special case, at a mole fraction of x = 0.23,
the system clears up independent of temperature at a constant pressure of about
1000 bar. By the mere addition of some drops of ethanol to the solution, the effect
of high pressures on the phase behavior can thus be turned upside down.
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The presented findings support the assumption of substantially different clouding
mechanisms for the high-temperature and the low-temperature regions. Assuming
solvent-solvent interactions as the main reason for the observations, the pNIPAm
in the presented systems can be very useful as a probel®*! for indirectly exploring
the structures formed in mixtures of water and other solvents. Moreover, these
results will prove useful for theorists modeling the interplay between hydrophilic and
hydrophobic interactions or working on descriptions of the cononsolvency effect, for
example with respect to the behavior of proteins and other natural macromolecules
in the presence of organic solvents. For a theoretical model to be accepted by the
scientific community, it should be able to account for the presented findings at high
pressures.

In addition to the obvious sensory applications, the results might also be useful
in the fields of food processing and medicine—the treatment in an autoclave is
a standard method for sterilization. The pressure range examined here of up to
3000 bar can be realistically realized in industrial processes. After all, the record
for the pressure achieved with the most modern technologies is already over 2000
times higher.[ One can also envision the use of crosslinked pNIPAm hydrogels
which expel their loadings induced by high pressures and could, hence, be used
for the study of high-pressure catalysis, potentially in deep-sea science.?*! On the
deepest grounds of the oceans, the hydrostatic pressure is around 1000 bar.

In a modular approach, outlined in Section 8.3.2.1, the pNIPAm samples ex-
amined in this chapter will be used to assemble advanced nanohybrids, in which
the special properties presented here are combined with the extraordinary optical
features of gold nanocrystals.
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Fig. 6.11: Cloud-point curves of aqueous solutions of pNIPAm (sample 7t-10 , ¢ = 5g L") with
increasing mole fractions x of ethanol as additive. The areas where the solution was turbid are
shaded in gray. (Hereby, the points are interpolated linearly.) The compositions of the samples are
also shown as vertical dashed lines in Figure 6.10. (Reprinted and adapted with permission from a
previous publication.!*®) Copyright 2014 American Chemical Society.)
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Chapter 7

Nanocomposites via
polymerization from silica

In Sections 5.2.1 and 5.2.2, it was shown how the two special RAFT agents p**-2

and p'-3, equipped with methoxysilyl anchor groups at their stabilizing Z-groups
could be synthesized. Methoxysilyl groups can be irreversibly fastened on silica
substrates via the formation of siloxy bonds. In the following, it will be shown how
these RAFT agents can play to their special strengths by immobilizing them on
different types of silica substrates and employing the products in radical surface
polymerizations. In both systems, for each of which one exemplary polymerization
is discussed, the approach of exploiting the unique mechanistic feature of the RAFT
process—the surface-tethering of the controlling RAFT moiety—is pursued (see
Section 1.2.4.1). The resulting silica—polystyrene and silica-poly(n-butyl acrylate)
nanocomposites cannot be called “smart” in the sense that they react to outer stimuli
in a dramatic way as the nanohybrids at the center of the next chapter. However, the
systems presented here are fitting to demonstrate the power of rationally employed
RAFT polymerization, giving rise to extraordinary nanostructured materials, which
one could on no account obtain by just adding the silica particles to a bulk polymer.

Silica nanoparticles were chosen as carrier substrates here, because they are cheap,
very stable, and resistant, and they possess a surface with silanol groups, which is
easy to functionalize. They can be produced or obtained commercially in different
shapes and sizes.!"! These characteristics make them the most commonly used
systems for the study of surface polymerizations and the production and analysis of
nanocomposites with organic polymers.>* One of the main industrial applications
of silica nanoparticles is the use as fillers in polymeric materials. Coating of the
silica surface with the corresponding polymer is thought to enhance the interactions
at the interfaces between the silica and the polymer matrix, thus preventing particle
separation, which leads to far superior material properties.'*
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7.1 Polymer nanoloops on fumed silica

7.1.1 The substrate fumed silica

Fumed silica consists of nanodroplets of amorphous silica, which are fused into
branched and chainlike secondary particles. Those are in turn agglomerated into
tertiary structures, resulting in a powder with a very high specific surface, typically
over 200 m? g1 Fumed silica is also known as “pyrogenic silica’, because it is
made by flame pyrolysis of silicon tetrachloride or quartz sand in an electrical arc.!®!
Due to the extremely high surface, this mesoporous material is ideally suited as
solid carrier material to study polymerization kinetics on solid surfaces. The low
price allows for the design of nanocomposite materials for scaled-up commercial
applications. In fact, the employment of fumed silica as filler in polymeric materials,
paints, coatings, and adhesives is a common industrial routine.!

Fumed silica consists of visible micrograins, which slowly settle from their coarse
dispersions without continuous stirring. This comes with the benefit that they
can just be filtered off for separation after heterogeneous reactions. Z-RAFT-
functionalized fumed silica can thus potentially be employed as a recyclable hetero-
geneous polymerization control system, which can be easily collected in technical
processes.

7.1.2 Immobilization of the RAFT agent

RAFT agent pzx—z was immobilized irreversibly on the commercially acquired
fumed silica S10 Sv-1 w1th catalytic amounts of maleic anhydride and water. Accord-
ing to the suppher, s:o Sv-1 had a specific surface of (390 + 40) m* ¢! and a surface
density of silanol groups of approximately 2.5 nm™2. Sample | fSPZ"—I , obtained by
the immobilization procedure, possessed a loading of 0.066 mmol g™ (based on
sulfur content by elemental analysis, see Equation (7.2) below), corresponding to
0.11 molecules per nm? (or 0.2 pumol m™2). A relatively low value was targeted, since
not all silanol groups of the mesoporous silica are accessible and the formation
of crosslinked RAFT-molecule aggregates should be minimized. Mechanistically,
the immobilization proceeds by hydrolyzation of the trimethoxysilyl groups which
may first condensate with each other.”) This network can then bind to the silanol
groups on the surface!®*! by condensation.'%! The whole process, and the fact that
some silanol groups are more exposed than others, presumably lead to an irregular
distribution of the surface-immobilized RAFT agents in $P?*-1. Figure 7.1 shows
three images of the same spot on $P?*~1 , taken with scanning electron microscopy
(SEM) in different magnifications. A characteristic and very fine mesoporous struc-
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Fig. 7.1: SE micrographs of the RAFT-functionalized fumed silica §P?*-1 with different mag-
nifications of the same spot. The sample was coated with a gold film (~ 8nm) prior to the

measurement.
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Tab. 7.1: Polymerization data for £k?*-1. The conversions X,g were determined by gravimetry
(Equation (5.9)) and the mass fractions of polymer wy, in the produced nanohybrids by thermo-
gravimetric analysis. The My, and D values were obtained by SEC analysis (THE RI detector).

number k21 T 60°C

monomer styrene ™ 8.7mol L™

RAFT agent  SP2*-1 CRAFT 104 mgL™!

initiator AIBN Cini 5.0 x 107> mol L™

21 in solution on surface

tinh Xy, wp M, in £ D M, in £ D
a 2 0.056 0.101 8.46x10* 227 213x10* 3.27
b 5 0.11 0139 11.20x10* 2.06 2.65x10* 3.69
c 7 0.21 0.199 10.90 x10* 1.88 2.74x10* 3.87
d 9 0.26 0.220 11.10x10* 1.88 3.13x10* 3.83
e 15 0.28 0.403 12.50x10* 1.89 5.05x10* 3.54
f 28 0.50 0.264 14.20x10* 2.09 2.88x10* 4.42

ture is visible. The primary particles (and, of course, the RAFT agent), however, are
not resolved.

7.1.3 Surface polymerization

The exemplary surface-confined RAFT polymerization §k2*-1 of styrene (see the

structural formula in Figure 5.11, Section 5.4) performed with the RAFT-functiona-
lized fumed silica §P?*-1 shall be discussed here. It was carried out in bulk at
60 °C under constant stirring with AIBN (see Figure 5.13, Section 5.4) as initiator.
No sacrificial RAFT agent was added. The conversion of the six samples, which
were obtained after defined polymerization times, were determined gravimetrically
(Equation (5.9), Section 5.4.2, mathematically treating the fumed silica as part of
the container). All data concerning this polymerization are listed in Table 7.1.
Figure 7.2 shows a schematic illustration of the ongoing graft-polymerization
mechanism. The dual anchoring of both ends of the RAFT agent eliminates the
major drawback entailed by the RAFT Z-approach, that the growing radicals depart
from the surface and have to come back for the control to be maintained (see
Section 1.2.4.1). With a doubly-bound RAFT agent, the growing polymer chains
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Fig. 7.2: Schematic illustration of the formation of polystyrene loops on the surface of fumed silica
by Z-RAFT polymerization §k2*-1. The structure of the unbound RAFT agent p2*-2 is shown
in Scheme 5.2.

remain still attached to the surface via the link on their other end, allowing for
surface polymerizations with low RAFT-agent concentrations. By employing a
bipedal RAFT agent, the advantages of Z-group- and R-group-immobilized RAFT
agents are thus combined. Moreover, in the case of single termination events
other than surface radical combination, the polymer chain only becomes singly-
bound and is not lost. The remaining anchor point on the surface can potentially
be reactivated by initiator-terminated macromolecules from the solution. These
characteristics render the double Z-approach far superior in contrast to the Z-
variant with only singly bound RAFT agents. As long as termination events are
kept low during the polymerization, polymer loops of controlled chain length are
inherently obtained on the surface—a new and promising class of polymer brushes
without chain ends, which is very difficult to produce using alternative strategies.

The solution polymer was analyzed by means of SEC analysis in THF after separa-
tion from the polymerization mixture, first by filtration and rinsing with THF and
toluene, then by Soxhlet extraction with dichloromethane. Solution polymer, which
is only physisorbed on the fumed silica, is completely washed off in this process.'!
The formation of polymeric material in solution is an inherent phenomenon caused
by the use of a homogeneous initiator. As it can be seen from the values in Table 71,
the confinement of the RAFT molecules to the surface leads to a practically uncon-
trolled polymerization in solution, giving rise to polymers with broadly distributed
and comparably high molar masses.
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Fig. 7.3: Thermogravimetric analysis of all samples of the styrene-silica nanocomposite fx2*-1.
The step around 400 °C is caused by the evaporation of decomposed polystyrene, while the fumed
silica is retained. The curves were set to 100 % relative mass at 250 °C.

7.1.4 Analysis of the produced nanocomposites

In order to isolate and analyze the formed macromolecules, which were covalently
bound on the surface of the fumed silica, a fraction of each sample was treated with
hydrofluoric acid. The silica part of the composites is thus dissolved according to
the reaction

Si0, + 4HF —— SiF, + 2H,0. (71)

While potential siloxy linkages between the polymers are also split up in the process,
the polymer itself is not disintegrated by hydrofluoric acid. The SEC results for
the cleaved-off polymers can also be found in Table 7.1. For the calculation of the
M, and D values, the signals at low molar masses—presumably caused by silica
disintegration products—were ignored.

The relatively high dispersities of the surface-bound polymer chains is due to
the fact that certain positions on the surface of the fumed silica are more exposed
than others (see Figure 7.1) and the RAFT polymers at these spots have a higher
chance of being attacked from solution radicals. In contrast to the polymers from
the solution, the molar masses of the surface polymers are very low. This gives the
impression that they grow in a controlled fashion in an isolated domain, and no
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Fig. 7.4: SE micrographs of the polystyrene-coated fumed silica sample £k?*~1c magnifications of
the same spot. Although this sample consists of about 20 % polystyrene, the visible characteristic
surface mesostructures are retained (compare with Figure 7.1). The sample was coated with a gold
film (~ 8 nm) prior to the measurement.
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initiator-terminated chains replace the RAFT polymer on the surface, which should
lead to the equilibration of the molar masses of surface and solution polymers. The
average molar masses first increase with the conversion, indicative of a controlled
loop expansion, until they abruptly drop to an almost halved value from sample

f*k?*~1e to sample Sk?*~1f . This decrease of the molar masses could be reproduced

in other polymerizations with §P?*-1 and is as a matter of principle only possible
for Z-RAFT-, rather than R-RAFT polymerizations. With the latter, once formed,
polymer chains cannot be split off from the surface, even in the case of termination
reactions. Here, the drop in the molar masses of the surface polymers, must be
explained by the substitution of “living” macromolecular chains with initiator-
terminated shorter ones. It might seem surprising that this replacement would only
take place with exceptionally short radicals, giving the very high M, values of the
corresponding solution polymers, but (i) small radicals are more mobile and less
shielded than larger ones and (ii) the majority of the polymer chains in solution is
already “dead” and not available for a radical substitution reaction. That the drop in
the M, values occurs not before a monomer conversion of Xy; ~ 0.5 shows that the
polymerization is well controlled up to this high value. As stated above, when one
end is disconnected, the polymer chains still remain bound to the surface with the
other end, making the double-anchoring approach much more robust towards this
kind of event.

The observed trend in the M,, values was consistent with the results from ther-
mogravimetric analysis (TGA) (also listed in Table 7.1). Using this technique, the
mass fraction of surface polymer wj, can be obtained by monitoring the mass of the
sample while heating it up, as demonstrated for all samples of £k?*~1 in Figure 7.3.
(The masses at 250 °C were set to 100 %.) The drop beginning at around 300 °C is
caused by the decomposition and evaporation of the polystyrene. Because the silica
remains on the microbalance, the relative size of the visible step is the reciprocal
value of wy,. The high consistency of the M, and the w,, values shows that the total
number of polymer chains on the silica surface remains constant, which validates
the arguments above. Notably, for sample £k?*~1e a remarkable value of w, =04
is reached. Almost half of this nanocomposite consists of polymer.

Figure 7.4 shows three SEM images of a spot on sample Sk**-1c. Although
it contains ~ 20 % polymer, the mesostructure is completely retained as before
the polymerization (compare with Figure 7.1). The precise formation of a thin
polymer film on a mesostructured material would be impossible to achieve by mere
physisorption of the polymer—another illustration of the power of surface-initiated
polymerizations.
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Since the polymers are bound to the silica surface through the still active RAFT
groups, the synthesized nanocomposites could in principle be employed in subse-
quent polymerizations with another monomer, in order to produce block-copolymer
loops. One could then harvest the block copolymers by the reaction with excess
radicals (see Section 5.4.5) and the recycled and recovered RAFT-functionalized
fumed silica could be used repeatedly in a technical process, in this sense acting
like a heterogeneous solid-supported polymerization control system.

7.2 Polymers with single covalent bonds to silica
nanoparticles

7.2.1 The substrate silica nanoparticles

The second presented type of silica—polymer nanocomposites was synthesized via
surface polymerizations from spherical silica nanoparticles Siggv-z —the particles,
which were examined exemplarily by TEM and AFM in Sections 4.1 and 4.2. As
opposed to the primary particles of the fumed silica Siof:v—l from the preceding
section, these particles are not agglomerated into higher structures. They form
stable colloids in polar solvents and were acquired commercially in the form of a
dispersion in methanol, but very similar silica nanoparticles can also be synthesized
in house by the Stéber process!'>%) with relative ease. It was found that the silica
nanoparticles ¢;3?v-2 (2r = 50nm = 12nm) could be dried and stored without
irreversible aggregation for approximately 1d and thus be transferred to other
solvents. (See Section 4.1 for the fusion mechanisms of silica nanoparticles.)

With regard to their surface chemistry, g;5°v-2 was practically equivalent to
Siofjv—l , but their distinct nanostructure requires a totally different handling. They
cannot be subjected to filtration or Soxhlet extraction. Moreover, the particle
aggregation, leading to the adulteration of the material, is an imminent threat which
must prevented.

7.2.2 Immobilization of the RAFT agent

For immobilization reactions on the surface of the silica nanoparticles g;5° V-2, it is
crucial that they be completely dispersed. In the case of the formation of aggregates,
the accessible surface area is drastically reduced. Dry nanoparticles obtained by
centrifugation were redissolved in different solvents, in order to find the best suited
one. Analysis via TEM revealed that in solvents with a low polarity, huge aggregates
with almost no detectable individual particles had formed, while in very polar
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Fig. 7.5: Functionalization of silica nanoparticles g;GPv-2 with RAFT agents carrying different
anchor groups; "BP3-2 : functionalized with RAFT agent p3-1 agent with a trimethoxysilyl
anchor group (exact structure in 5.12, Section 5.2); "PP1-3: functionalized with RAFT agent
p'-3 with a monomethoxysilyl anchor group.
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solvents, the silica particles were individually distributed on the TEM grids. The
order found for the suitability of the examined solvents was: water > methanol > 1,2-
dimethoxyethane > acetone > THF > dichloromethane > toluene. Since water and
methanol are not suited as solvents for the immobilization reaction, because they
react with the anchor group themselves, the next best solvent 1,2-dimethoxyethane
was chosen. 1,2-Dimethoxyethane had already been successfully used in a similar
study with a RAFT agent bearing a triethoxysilane anchor group.'®! Apart from the
different solvent, the immobilization could be carried as for the RAFT agent p*

in Section 7.1.2. The work-up must then be performed by repeated centrifugation
and redispersion, since the isolated silica nanoparticles p**~2 are too small to be
subjected to Soxhlet extraction or filtration.

Also the requirements for a suitable RAFT agent are different. While for the
fumed silica the brute approach of just forming as many bonds as possible was apt,
the nanoparticles ;3?v-2 need to be treated with more tact and sensitivity. It must
be made sure that they remain individually dispersed in the colloid and crosslinking
processes must be prevented, which are not only caused by grafting of a RAFT agent
with two anchor groups (for example p>*~2 ) to two different particles. Crosslinking
already occurs through the trifunctional nature of the common trimethoxysilyl
anchor group. These anchor groups also undergo self-condensation to possibly
three-dimensional aggregates, which then interconnect the nanoparticles 171 o
discover whether this effect posed a problem for the functionalization of ¢’ v-2,
the trimethoxysilyl RAFT agent p*-1 (see Figure 5.12, Section 5.2 for the structural
formula) was first used for the functionalization.

The TEM analysis of the resulting material "2P>-2 revealed large aggregates of
nanoparticles. One representative micrograph is shown in Figure 7.5a. Figure 7.5b
shows the hypothetical crosslinking structures in these aggregates. It can be noted at
this point that the analogous effect was also found when it was attempted to immo-
bilize the RAFT agent p>-1 on the surface of the 4-mercaptophenol-protected gold
nanoclusters '2vOH_6 and the 11- mercaptoundecanol coated AuNPs 2¢PvOH_g
As a matter of fact, a solution of p>-1 readily flocculated upon contact w1th water,
indicative of the formation of large crosslinked aggregates with visible dimensions.

This crosslinking reaction can be avoided by using a RAFT agent carrying a
monomethoxysilyl group, which is only able to form a single covalent bond by
condensation. Of course, self-condensation can still occur, but the formed dimers
cannot form any more bonds to the silica surface and are easily removed during
the work-up of the immobilization. In principle, one could also first immobilize
molecules with a monofunctional silylether moiety and another functional group on
the surface, to which the RAFT agent is coupled in a second step.!"!! But carrying
out two surface-immobilization reactions in a row entails more experimental effort



210 Chapter 7 Nanocomposites via polymerization from silica

and inherently reduces the final loading. It is advantageous to directly start with a
RAFT agent containing the monofunctional anchor group—an approach, which
had been already done with ATRP,2-22l NMP,[?*! and the RAFT R-approach,?*!
but, to the best of the author’s knowledge, not with the RAFT Z-approach.

In Section 5.2.2, the synthesis of RAFT agent p'-3 with a monomethoxysilyl
anchor group (see Scheme 5.3) was already presented. This RAFT agent was now
immobilized on the surface of 5;? V-2 as described above. A large excess of p'-3
could be used without any problems and is even advisable. After complete coverage
of the surface, just more dimers are formed, which are then removed.

Figure 7.5¢ shows a TE micrograph of the silica particles "EP'-3 functionalized
with p'-3 . It was seen that this time, the nanoparticles were well separated from
each other and no crosslinking had occurred. The modification of the anchor group
had been a success. The adjacent image in Figure 7.5d shows the schematic structure
of "2P'-3 and the corresponding dimer.

In order to determine the grafting density of the RAFT agent, sample "EP'-3
was analyzed by elemental analysis. A sulfur mass fraction of ws = 0.2 x 1072 was
detected. From this, the molecule density s on the surface can by calculated from
the mass of sulfur per molecule Ms and the specific surface S,, from TEM (see
Equation (4.13) and Table 4.1) by

WS here )
= = 0.4 umolm™~. 7.2
Mss,, H (7.2)

Bs

This value was significantly lower than when the same RAFT agent was immobi-
lized on silica nanoparticles of lower sizes (not shown). A reason might be the
steric hindrance accompanying the lower surface curvature or just the increasing
inaccuracy of the elemental analysis. The density of silanol groups—the theoretical
upper limit—is about psio, =8 (tmol m~2.[25:26]

7.2.3 Surface polymerization

The functionalized silica particles p'-3 were employed in the radical RAFT poly-
merization "Bk'-2 of n-butyl acrylate (BA, see the structural formula in Figure 5.11,
Section 5.4) with AIBN as the initiator. In preliminary polymerizations of BA in the
presence of the free RAFT agent p'-3, a good control had been achieved. The poly-
merization was performed in solution of 1,2-dimethoxyethane to keep the particles
finely dispersed. Thanks to its monofunctional anchor group, p'-3 could be added
as sacrificial RAFT agent without the risk that it could crosslink the nanoparticles
through previously unreacted silanol groups.
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Tab. 7.2: Polymerization data for "§k'-2 . The conversions Xy, were determined by gravimetry

(Equation (5.9)) and the mass fractions of polymer w}, by thermogravimetric analysis. The My
and D values were obtained by SEC analysis (THEF, RI detector).

number "Picl2 T 60°C
solvent DMF ny/ng 1/3
monomer BA oM 1.74mol L™!
RAFT agent "BP'-3 (+ p'-3) crarr 225mgL7! (+ 10 mmol L)
initiator AIBN Cini 5.0 x 10> mol L™}
) in solution on surface

tinh Xy, wp, Myint- P M,in-t. D

mol mol

0.5 0.16 0.11 1.45x10* 1.38

a _ _
b 1.0 0.27 - 2.78x10* 131 2.01x10* 1.24
c 2.0 0.44 - 3.72x10% 132 3.57x10* 1.22
d 4.0 0.68 0.20 5.43x10* 135 - -

e 7.0 0.84 - 6.17 x10*  1.38 5.92x10* 1.39

Although the specific surface S, of 50" v-2 is about 10 times lower than that
of the fumed silica Siof:v -1 (significantly higher particle size compared with the
primary particles of the fumed silica), the concentration of surface-bound RAFT
agent molecules was effectively higher than in polymerization §x?*-1, owing to
the higher RAFT grafting density and the higher particle concentration in polyme-
rization "Ek'-2 .

As described in Section 7.1.3, several samples were taken and the conversion was
determined gravimetrically by Equation (5.9).

7.2.4 Analysis of the produced nanocomposites

The produced nanohybrids were isolated from the formed polymer in solution
by repeated centrifugation and redispersion and analyzed via SEC and TGA as
described for samples ©$k?*~1 . There was only sufficient material to do either TGA
("2k'-2a and d) or SEC ("Ek'-2b, ¢, and e) analysis of the surface-bound polymer.
In Table 7.2, all details and results from polymerization $Kk?*-1 are listed. Surveying
the SEC results from the surface polymer and the solution polymer, it is notable that
both possess very similar characteristics, indicative of a frequent exchange between
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surface and solution. As opposed to polymerization §k?*-1, the growth of the
radical chains does not proceed in two separate domains, as the radicals can leave
the surface here and are then replaced by a radical chain derived from the solution
RAFT agent. The slightly higher M, and values in solution are presumably due
to the partial dimerization of the sacrificial RAFT agent. The polymer chains on
the surface cannot form dimers and are therefore more evenly sized. Secondly, no
decrease of the molar masses was observed here and the molar masses grow linearly
with the conversion, demonstrating the very high control in the system, which is
not only invoked by the presence of the sacrificial solution RAFT agent, but also
by the very homogeneously curved surface of the silica particles. All positions are
equally exposed and are through the high curvature generally more accessible for
incoming radicals from solution. The growing molar masses are in line with the
increasing mass fraction of the polymer wj, in the composites, determined by TGA.

The polymer-functionalized silica nanoparticles $k**-1 still formed a stable,
semitransparent colloid in organic solvents and the TEM analysis still revealed
isolated particles. The equipment of a RAFT agent with a monomethoxysilyl anchor
group provided an advanced pathway to silica-polymer core-shell nanocomposites—
a material with an imposing homogeneity on the mesoscopic scale. Thanks to the
inherent characteristics of the Z-approach, only living chains remain tethered to
the surface and constitute the polymer shells.

The polymerizations presented in this chapter illustrate very well how in the al-
ready well explored field of surface RAFT polymerizations, still great improvements
can be achieved, when the array of solid-supported RAFT agents is expanded by
introducing specific modifications in the structure of the anchor RAFT agents, in
order to meet the special demands imposed by the type of the solid substrate or the
targeted application.
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Chapter 8
Nanohybrids of gold particles

The design and the characterization of the substrate components for this chapter,
gold nanocrystals from the ex-situ two-phase Brust-Schiffrin synthesis and from
reduction with citrate ions ,v-3 , were described in Section 5.1. In the following,
it will be outlined how these AuNPs can be functionalized with non-polymeric
ligands of different types for stabilization and introduction of functional groups,
especially hydroxyl and azido moieties, to which RAFT agents with complementary
functionalities could then be coupled, and how they can be coated with the NIPAm
RAFT polymers prepared in Section 5.4. Hereby, the binding motifs of ligands
bearing trithiocarbonate groups will be the particular focus.

8.1 Different ligands on AuNPs

8.1.1 Functionalization of Brust-Schiffrin gold
nanocrystals

AuNPs prepared by the ex-situ two-phase Brust-Schiffrin method were presented
and their ligand-independent properties were characterized in Section 5.1.3.3 (also
see Table 5.2, Section 5.1.5). These nanocrystals are very well suited for functional-
ization reactions for three major reasons:

« The weakly bound tetraoctylammonium bromide is readily replaced by all
ligands that form stronger bonds to the gold surface.

o The sodium borohydride can be completely washed off prior to the addition
of the ligand, so that even very reduction-sensitive molecules can be used.

o The arising particle size and shape characteristics are independent of the
employed ligand, enabling comparative experiments with different function-
alization agents.

© Springer International Publishing Switzerland 2015 215
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In the following, the functionalization reaction with different types of ligands will
be discussed. For the reactions, the steps shown in Scheme 5.1 (Section 5.1.3.3) were
followed.

8.1.1.1 Functionalization of Brust-Schiffrin AuNPs with
11-mercaptoundecanol

AuNPs 2¢»vOH_9 haying hydroxyl moieties on their outer surface could be pre-
pared by functionalization with 11-mercaptoundecanol S*A°"-7 (chemical struc-
ture in Figure 8.5). After the addition of a great excess of S"A%H-7 , which was
carried out under sonication, the AuNPs immediately precipitated from the dis-
persion in toluene, showing that the ligands were replaced almost instantaneously.
The functionalized AuNPs were collected, washed with copious amounts of toluene
on a glass frit, and redispersed in DMF. Although the masses of >?5v°"-9 were
not high enough to spin them down with the accessible equipment, centrifugation
is a good way to remove potentially formed larger agglomerates with a diameter
of more than about 8 nm. In this case, no sedimentation was found after 3h of
centrifugation at 8 603 g, thus proving the absence of aggregates.

Results from the characterization of >5v©H-9 were already shown in Section 5.1.
See the photograph in Figure 5.2, the 31ze and shape parameters in Table 5.1, the
diameter histogram in Figure 5.5, the optical spectrum in Figure 5.8, and the
TE micrograph in Figure 5.10. Notably, it had not been possible to produce 11-
mercaptoundecanol-functionalized AuNPs by the in-situ two-phase Brust-Schiffrin
method (see Section 5.1.3.1). Given the fact that the product is stable here, one can
only assume that the functional groups exert an interfering effect in the reduction
step, even if they are not reduced themselves. In any case, this makes the ex-situ
protocol extra-valuable. In addition to the 4-mercaptophenol-coated gold nanoclus-
ters '25vOH_7 from Section 5.1.3.2, now a second type of hydroxyl-functionalized
AuNPs, but with approximately ten times higher masses, can be presented here.

Against all expectations, the black precipitate Zebs Ns_10 could not be redis-
persed in any solvent, when the 1-azidothiol SH?\N3 9 from Section 5.3 was used
in an identical reaction. The only reasonable explanations for this finding are that
the ligand in some way leads to the irreversible aggregation of the AuNPs, or that
the produced material is just insoluble in all common laboratory solvents. In view
of the fact that sample *25v°H-9 could only be dispersed colloidally in DME, the
latter explanation seems possible. The solubility problem could potentially be over-
come by using a mixture of S$"AN:-9 and another ligand or by artificially reducing
the surface density with an excess of AuNPs, which is known to lead to a higher
entropy-induced solubility.!
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7S S
(a) a dithioester (b) a trithiocarbonate

Fig. 8.1: Binding of typical RAFT groups on gold surfaces. The binding modes were elucidated by
X-ray photoelectron spectroscopy.>!

i H .
: 100 nm

(a) TE micrograph of 2¢PsvTTC_11 (b) schematic structure of 2P$vTTC_11

Fig. 8.2: Ex-situ Brust-Schiffrin AuNPs 252SvTTC_11 coated with the trithiocarbonate RAFT
agent p—4. The TEM image was measured 4 months after performing the experiment. The
absence of aggregation shows the high colloidal stability of the particles. No objective aperture
had been inserted when taking the micrograph, so that reflections caused by the polycrystallinity
of the AuNPs are visible.
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8.1.1.2 Coating of Brust-Schiffrin AuNPs by a trithiocarbonate RAFT
agent

Although the trithiocarbonate moiety has not received much attention as an anchor
to gold surfaces yet, it is well known that this functional group, as well as other
sulfur-containing mediating groups in RAFT polymerization, does form stable
bonds with gold!*! with a maximum grafting density comparable to the one which
can be obtained with thiols.*! X-ray photoelectron spectroscopy indicates a binding
motif comprising of two S - .. Au bonds as shown in the schematics in Figure 8.1a for
a dithioester and in Figure 8.1b for a trithiocarbonate.>*°! Dithiocarbamates adsorb
on gold in a similar way!®’ and can be used in the synthesis of gold nanoparticles as
well.l”! Furthermore, a crystal structure of a trithiocarbonate-gold(I) complex has
been reported.!®*!

The mild conditions in the ex-situ two-phase Brust-Schiffrin synthesis made
it possible to successfully use the trithiocarbonate p-4 (chemical structure in
Figure 5.12, Section 5.2) as AuNP ligand. This commercial RAFT agent had also
been used for NIPAm polymerizations in Section 5.4.1. Stable AuNPs 2¢vTT¢_11
were obtained that could be stored in dry form for months and still be redlspersed in
nonpolar organic solvents (toluene, chloroform, not acetone, methanol, or dioxane).
The solubility is imparted by the long hydrocarbon chain of p-4 . The signals in
the '"H-NMR spectrum measured in deuterated chloroform were weak, but signals
corresponding to the methyl groups on one side and the C,, chain on the other side
of the trithiocarbonate group could be identified, proving its intactness.

Figure 8.2a shows a TE micrograph of 2?vT"C_11 measured 4 months after the
functionalization experiment and Figure 8.2b shows the schematic structure, with
the binding mode that involves less steric hindrance, according to Figure 8.1b. The
extreme stability of 2?5vTTC_11 demonstrates vividly the high trithiocarbonate—
gold binding strength and grafting density.

8.1.1.3 Grafting of multifunctional RAFT agents to Brust-Schiffrin
AuNPs

As the last experiment of this series, the polytrithiocarbonate p™®-8 (chemical
structure in Figure 5.12, Section 5.2) was used for the functionalization of the
identical ex-situ Brust-Schiffrin AuNPs (mass calculated for 1.2 eq. of middle groups
per gold atom), giving rise to sample 2?$vMB_12 . This multifunctional RAFT agent
had been used in Section 5.4.4 for the preparatlon of NIPAm multiblock polymers.

No solvent was found for the black precipitate 2?v™B_12 . It only formed a very
fine and almost transparent dispersion. The coarse dlspersion apparently contained
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2ebsyMB_12 in DMF DMF 2¢bsyMB_12 in DMF DMF

@&

(a) in light (b) in the dark with laser beam

Fig. 8.3: Photographs of AuNPs 2¢PSvMB_12 coated with polytrithiocarbonate pMB-8 in solution
of DME In the dark, the AuNP aggregates can be made visible by Tyndall scattering of the green
laser beam.

AuNP aggregates, which were too large to exhibit a localized plasmon resonance
effect. In such cases, the particles in the dispersed phase can be made visible by the
handy method of Tyndall scattering of a laser beam, demonstrated in Figure 8.3.
Photograph 8.3a shows the dispersion of 25v™E_12, that only looks marginally
darker in comparison to the adjacent vial of pure DMF at light. In photograph 8.3b,
taken in the dark, a laser beam passing both vials from right to left is only visible in

the left dispersion.

Indeed, TEM analysis of 22SvM®_12 revealed the presence of large AuNP ag-
glomerates, most likely formed by the interconnection through the multiple trithio-
carbonate groups of the employed ligand. One such crosslinked aggregate is shown
in micrograph (a) of Figure 8.4. The individual particles are literally glued together
in a matrix of p™®-8 . Although they are kept very close to each other, no real par-
ticle fusion is observed as in the case of irreversible AuNP aggregation through the
lack of stabilization. A hypothetical schematic drawing of the underlying structure
in these superparticles, based on Figure 8.1b, is shown in Figure 8.4b (not drawn to
scale).

The finding of these formations constitutes an additional proof for the structure
of the multifunctional RAFT agents, as well as for the claim that trithiocarbonate
groups firmly attach to gold. Attempts to use these particle networks in radical
polymerizations of NIPAm with the goal to extend the interparticle distances in the
agglomerates were not successful, although conditions were chosen under which the
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100 nm

(a) TE micrograph of a superparticle (b) schematic drawing of the structures

Fig. 8.4: Ex-situ Brust-Schiffrin AuNPs 2¢25vMB_12 with the polytrithiocarbonate pMB-8 on
the surface. The TEM sample was prepared by drop-casting from DME. The exact structure of
pMB_g is depicted in Figure 5.12, Section 5.2. The schematic is not drawn to scale.

free RAFT agent p™M®-8 did control the radical polymerization (see Section 5.4.4).
If this process could be made to work as desired, it would expectedly enable an
elegant way to study the RAFT polymerization in situ by monitoring the system’s
color change.

Building on the results from the current section, the studies on the interaction of
Brust-Schiffrin AuNPs and multifunctional RAFT agents were continued by Chris-
tian Rof8ner.[') He found that controlled structures are formed, when multiblock
oligomers were employed in the functionalization.!") By the degree of oligomer-
ization, the spatial distances in the produced colloidal superparticles!!>'! can be
fine-tuned.

8.2 Functionalization of citrate-prepared gold
nanocrystals

The second, and arguably more important, type of AuNPs on which the focus of this
work was directed are those prepared by reduction with citrate ions ,;;v-3 (see
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Fig. 8.5: Overview of the structures of all ligands for gold used in the present work (excluding the
azidothiol SHAN3-9 , which was already shown in Scheme 5.5).
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O OHO

in water

/ s 'S,
Scheme 8.1: General process of the functionalization of citrate-prepared AuNPs ,Siv-3 with
alkylthiols.

Section 5.1.2). Their extreme lability (electrostatic stabilization) and the restriction
of the solvent to water greatly limit their usefulness without any form of surface
functionalization.

8.2.1 Non-polymeric ligands onto citrate-prepared AuNPs

In addition to the introduction of functional groups, the coating of the citrate AuNPs
23v-3 should impart stabilization (see Section 5.1.1) and the possibility to transfer
the AuNPs to a solvent other than water. Here, it will be explored to which extent
non-polymeric ligands are capable of performing this task.

In Scheme 8.1, the general process that has to be realized is illustrated. Various
attempts to implement the functionalization using the thiols SHA_1,SHA_2 SHA_3 |
SH)\OH_4 SH)\OH_ g5 SHAOH_g SH)OH_ 7 (Figure 8.5), the trithiocarbonate RAFT
agent p—4 (Figure 5.12) and especially the azidothiol SHAN:_9 (Scheme 5.5) were
made in the work for this thesis. Because most of the listed ligands are not water-
soluble, different strategies were tried to get them into contact with ,;,v-3, the
most straightforward one being their addition in solvent which is m1sc1b1e with
water. These functionalization experiments are only described very briefly without
going into too much detail here, since, after all, they did not lead to the desired
results.
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Considering literature reports for this conversion of citrate AuNPs, they appear
to belong to a very self-contradictory field. There are a few examples of a successful
transformation, but many of these cases, the actual performed procedure is only
mentioned in dissatisfying one-liners.>"°! At the same time, there are publications
which exclusively focus on ways to implement this seemingly very delicate func-
tionalization, for example by using a charged thiol to form a stable intermediate in
a two-step method(**! or by using multidentate thiols!!! or certain additives.!?"??!
In many cases, the reaction is performed in water with a soluble thiol and the
metastable particles are used directly for the next experiment without removing the
excess of restant ligands. 2327

For the studies envisaged in this work, it is a necessary prerequisite to be able
to isolate the protected AuNPs by centrifugation and redisperse them in organic
solvents, which could not be achieved with any of the above listed ligands. As an
additionally aggravating factor in this kind of experiments, it is principally difficult
to distinguish from TEM images whether kinetic aggregation involving fusion of
gold cores through ligand-induced charge equalization has taken place or fully
coated nanoparticles have precipitated, which just lack the solubility required for
redispersion.

It was especially focused on a one-step transformation method from Baranov
and Kadnikova?®! (2011), with which they functionalized citrate AuNPs with the
same water-insoluble azidothiol S"ANs-9 as was prepared in this work (see Sec-
tion 5.3). They reported that the addition of the thiol in a very small amount of DMF
under sonication leads to the formation of thiol-coated nanoparticles that could
be redispersed in a variety of organic solvents. They proposed that the sonication
causes a fine dispersion (analogous to an oil-in-water microemulsion) of the thiol
which is beneficial for the reaction, because the microdroplets possess a very large
surface and contain the azidothiol in the highest possible concentration. Despite
numerous attempts to reproduce this reaction under absolute identical conditions
and with the kind support and help of D. Baranov, only non-redispersible particles
were obtained every time.

8.2.1.1 Using octadecylamine-coated AuNPs as intermediates for the
functionalization of citrate AuNPs

It was also tried to use the octadecylamine-coated AuNPs S 5iv°%-4 (Section 5.1.2.3)
as reactive intermediates. This seemed reasonable since the amine ligands are only
very loosely bound and the AuNPs have likely already overcome the most critical
step, that is the coating of their surface with any ligand, which then just has to
be replaced. Unsuccessful experiments were carried out, where a large excess of
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different ligands was added to ,iv°%-4 under various conditions. In light of the

fact that thiols first associate weakly to gold while retaining their proton and form
the strong thiolate bond only after the proton is lost in the second step,?*3% it was
also attempted to aid the process by carrying out the functionalization reactions
with thiols in the presence of the oxidizing agent 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone or, as an alternative, the Dess-Martin periodinane.”®" This was not
successful either, nor was the tentative employment of disulfide 52A-10 , which does
not need to be oxidized (see Section 5.3).

However, there were two clear indications that a replacement reaction on the
surface occurred when a ligand was added. The first obvious one was the immediate
aggregation in many functionalization attempts. The second one was that in some
cases, where the red color of the solution did not vanish at once, the colloid was more
stable towards the addition of hydrochloric acid compared with the situation prior
to adding the ligand. On the other hand, the octadecylamine-coated nanoparticles
themselves could be centrifuged down and redispersed before the functionalization,
as opposed to the products of all functionalization attempts with the listed ligands.

As a conclusion drawn from all these experiments, one could likely state that
the citrate AuNPs ,'v-3 are composed of so many gold atoms that the examined
ligands are incapable of holding them in colloidal solution through the energy
gain from the interaction with solvent molecules and the entropy gain, when they
can assume more conformations. For the smaller ligands in Figure 8.5, that is
surely the case. That assumption is in line with the finding that even for the 70
times smaller Brust-Schiffrin AuNPs, the particles 205v°"-9 stabilized with 11-
mercaptoundecanol were only soluble in DME

A factor that was not considered during the experiments, but might be the cause
for the colloidal stability for systems reported in some publications (and for the
octadecylamine-coated nanoparticles Jv°4*-4 ), is the charge state of the nanopar-
ticles. This aspect could potentially be elucidated by performing zeta potential
measurements.

The problem with the studied ligands might be that their grafting density is
too high, which leads to lower solubility as well, since the interactions with the
solvent are lowered and the possible ligand conformations are reduced.’*?! That is
the reason why nanoparticles with trithiol ligands, which occupy more space on the
surface, have a higher colloidal solubility.!"! As it is hardly possible to determine the
grafting density of a system where aggregation has occurred in the presence of an
excess of the ligand, this factor could not be taken into account in comparison with
other literature studies. In any case, it appears to be clearly advantageous to employ
water-soluble ligands for the functionalization process, if only to assure a maximum
of AuNP-ligand contacts and to avoid a ligand mixture on the AuNP surface.
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1 SH)\OH_S

Fig. 8.6: TE micrographs of AuNPs ,vOH_13 with water-soluble long-chain thio
on the surface.

8.2.1.2 Functionalization of citrate AuNPs with
(11-mercaptoundecyl)tetra(ethylene glycol)

Based on the above considerations, an ideally designed ligand for the functionaliza-
tion of citrate AuNPs ,5'v-3 should comprise a thiol group for binding to gold, a
very long flexible chain for stabilization and induction of solubility, and it should
be soluble in water, so that it can be directly added to the particle sol. It should also
carry a functional group as attachment point for further coupling reactions.

(11-Mercaptoundecyl)tetra(ethylene glycol) SPACH-8 (see Figure 8.5) meets all
four requirements. And indeed, after adding this thiol in an excess to 25v-3, the
obtained product ,v®"-13 could be centrifuged down, thus purifying it from
the excess of ligand molecules, and thereafter be redispersed in a range of solvents.
Figure 8.6 shows three TE micrographs with different magnifications of the very
homogeneous particles, which assemble into hexagonal lattices with distinct inter-
particle spacings as had been observed before (see Section 4.1.3). Absolutely no
aggregation could be found.

A drawback of the employment of S"A®H_8 as a ligand is that this compound is
very expensive. But it should be possible to synthesize it in house from low-priced
educts, using a three-step reaction according to a procedure by Canaria et al.**!
(2005) with tetra(ethylene glycol) instead of tri(ethylene glycol) or a strategy by
Balinski®*! (2010). One could also envision the synthesis of an azide equivalent.

The success of the functionalization with S"A®H-8 underlines the above-made
assumptions that all other examined ligands are just not capable of stabilizing
AuNPs of these comparably “large” sizes. Nevertheless, the goal of producing pure,
hydroxyl-functionalized AuNPs from ,5v-3 could eventually be achieved. To-
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Tab. 8.1: Observations by TEM after functionalization of citrate AuNPs ,Siv-3 with differ-
ent polymers without sulfur-containing groups. The masses of the employed polymer sam-
ples were: A K*-3: My =~ 3x10°gmol™), 5,k*-4: My ~ 10°gmol™}, 4 ,k*-5: M =

570-630gmol !, 5,k*-6: M, = 4.0 x10*gmol™, o,k*-7: M = 1223gmol™!, 5,k*-8:
My =5.5%x10% gmol™!, and 5 k-9 : My, = 7.3 x 10* gmol~".

sample polymer after transfer after 1 month
Auk™=3  poly(acrylic acid) aggregation -

K Ecoildy)(methacryhc aggregation B

Auk =5 poly(ethylene glycol) aggregation -

AuK =6 polyvinylpyrrolidone random distribution random distribution
AuK™=7  polysorbate 20 chainlike structures  chainlike structures
AuK-8 -1 random distribution  aggregation

Ak -9 m-2d’ random distribution  aggregation

gether with '5vOH_6 (Section 5.1.3.2) and 2PSv°"-9 (Section 8.1.1.1), the nanopar-
ticles JivOH-13 constitute the third representative of this potential component for

novel nanostructures in yet another size regime.

8.3 Grafting of polymers to citrate AuNPs

Given the results from the previous section, where successful stabilization of citrate
AuNPs ,%v-3 could only be achieved with the longest ligand (see also Section5.1.1),
polymers for the encapsulation and stabilization of AuNPs are the natural and logical
next step to induce a maximum of stabilization.*>! They are indeed ideal candidates,
as they are very cheap and can introduce special properties to the nanoparticles,
such as thermoresponsivity or just solubility in certain solvents. While citrate
AuNPs seem to be toxic,**-*! coverage with polymers reduces the nanoparticles’
toxicity,[***! enabling medical applications.!*>43]

Ideally, the polymers are tethered to the AuNP surface via a chemical bond, but
first, comparative preliminary experiments were performed using polymers without
functional groups that can form links with gold, to be able to assess the importance
of the trithiocarbonate group in the later used polymers.
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250 nm : -7 7 500 nm

(a) sample 5, k*-3 (b) sample 5,k*-6

(c) sample 5, k*-7 (d) sample 5,k*-9 (after 1 month)

Fig. 8.7: Representative TEM images of citrate AuNPs coated with different polymers without
sulfur-containing groups. The inlay in c) shows a photograph of the corresponding solution.
Sample 5,k*-7 was drop-cast from DME.
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8.3.1 Grafting of polymers without sulfur to citrate AuNPs

A prerequisite for the surveyed polymers is that they are water-soluble and can thus
be directly added to the gold sol ,v-3 . The nonionic polymers poly(acrylic acid)
(M, = 4.5 x10° gmol ™), poly(vinylpyrrolidone) (M, = 4.0 x 10* gmol™"), poly-
(methacrylic acid) (M,, ~10° gmol™), poly(acrylic acid) (M, ~ 3 x10° gmol™),
poly(ethylene glycol) (570-630 gmol ™), and polysorbate 20 (polyethylene glycol
sorbitan monolaurate, 1228 gmol™) were purchased commercially and used as
received. The molar masses in parentheses are the respective supplier indications.
It can be assumed that all listed polymers do not carry sulfur-containing functional
groups, which can form covalent bonds to gold surfaces, so they are only physisorbed.
The last polymer in the list, polysorbate 20 (brand name: TWEEN 20), is a neutral
polymeric surfactant, composed of four oligomeric polyethylene glycol chains
linked to a central sorbitol unit. It can be seen as a branched variant of the also-
used linear poly(ethylene glycol). It was chosen, since it had already been used for
temporary AuNP stabilization in the literature.!*#~*”) The polymer samples 7t*-1¢’
and 7t*-2d’ had been prepared by removal of the trithiocarbonate group from
synthesized RAFT polymers with AIBN (see Section 5.4.5 and Table 5.3). These
samples were perfectly suited for a comparative experiment, as they only differ
from the original RAFT polymers examined in the next section in the absence
of the trithiocarbonate group. Polymers with high molar masses were chosen for
the defunctionalization reaction, since those should supposedly exert the highest
stabilizing effect.

Experimentally, an aqueous solution of an excess of the polymer sample was
added to the gold sol ,5v-3 under sonication. This led in no case to immediate
particle aggregation, evidenced by the retained red color of the colloidal solution.
The mixture was incubated overnight in the dark and then isolated from the excess
polymer and sodium citrate by three centrifugation steps with redispersion in
methanol. With the used equipment, it took approximately 8 h for the AuNPs to
be completely spun down. The sediments at the bottom of the centrifuge tubes
were not completely solid and dry, but rather a very concentrated dispersion, that,
however, could be isolated by careful decantation.

In Table 8.1, the sample denominations and the observations made by TEM
analysis of the functionalized AuNPs directly after the functionalization process and
after one month are listed. Aggregation of AuNPs, shown exemplarily for sample
Auk =3 in micrograph (a) of Figure 8.7, went along with the color of the colloidal
solution turning blue. For 5,k*-3, 5,k*-4, and ,,k*-5, the color change was
already observed after the first centrifugation step. The three respective polymers
are not capable of the stabilization of this type of nanoparticles. The other four
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samples 5, K =6, A ,K*=7, A,k*-8, and ,,k*-9 remained visually unchanged.
The analysis via TEM revealed a completely random distribution of AuNPs with
arbitrary interparticle spacings.

An exemplary micrograph of sample 5,k -6 is shown in Figure 8.1b. The stabi-
lization capacity of the respective polymers must presumably be due to different
structural properties in comparison to the first three polymers. Polyvinylpyrroli-
done and pNIPAm comprise nitrogen atoms, which might play a role. Indeed, for
pNIPAm, it was reported that it can form weak bonds to gold over the constitutive
amide groups (Au—N and Au—O and unconventional N~H - .. Au bonds).[*3->%! This
interaction is strong enough to stabilize small AuNPs with diameters of 1-5nm
over longer periods of time.>!! In the case of polysorbate 20, the branched structure
might be an important factor. Notably, the AuNPs decorated with these polymers
self-arranged into large chain-like aggregates after deposition on the TEM films
(see Figure 8.1c)—an opposite effect to the observed formation of lattices. These
structures must have been formed in the deposition process, since the colloid was
still red.

The AuNPs encapsulated with the defunctionalized pNIPAm samples ( 5,k -8
and p,Kk*-9 ) were not stable over time. A gradual color change to blue was observed.
Figure 8.1d shows a micrograph of ,,k*-9 taken after about one month and a
photograph of the corresponding blue colloidal solution as inlay. The presence of
many short-chain aggregates indicates a step-growth aggregation process. Given the
observed gradual agglomeration over time, it can be concluded that the performed
purification by centrifugation, which did not adulterate these samples, is very mild.

The above results show that it is possible to weakly stabilize citrate AuNPs ,iv-3
with particular water-soluble polymers without anchor groups. The stabilizing
power of pNIPAm—the central polymer of this thesis—was not sufficient.

8.3.2 Grafting of polymers with trithiocarbonate groups to
citrate AuNPs

In the following, the untreated RAFT polymers from Section 5.4 will be combined
with the citrate AuNPs ,'v-3 in a grafting-to approach, in order to produce (smart)
core-shell nanocomposites.*? The especially well defined samples selected for this
task were already listed in Table 5.3.

RAFT polymers are often used in this context!>>*! because RAFT groups can eas-
ily be reduced to thiols—the most prominent group for linkage to gold surfaces.>>~>!
But this transformation is not even necessary in most cases because the RAFT
groups themselves can function as anchors for the AuNPs (see Figure 8.1). This
has been demonstrated by the high stability of the trithiocarbonate-coated AuNPs
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(a) short chains (b) long chains (c) low grafting density

Fig. 8.8: Conventional nanohybrids produced by coating of citrate AuNPs ,Sv-3 with NIPAm
polymers of defined lengths carrying a trithiocarbonate group at the terminal end. (R: rest of the
RAFT agents’ stabilizing group). The polymer shells occupy more space when the macromolecules
are longer or the grafting density is higher. These illustrations are schematics not drawn to scale.

2edsyTTC_11 in Section 8.1.1.2. Polymers with incorporated trithiocarbonate groups
have already been applied to cover gold surfaces>*°0-%>] and appear to be able to
create even denser polymer layers on the surface than thiol-capped polymers.*!
When the trithiocarbonate group is in the middle of the polymer chain, V-shaped
polymer brushes are formed by the adsorption.!¢®¢”]

The direct addition was used preferentially in this work. Not only because it
entails less effort and would thus lead to a cheaper scaled-up industrial process,
but also because otherwise, it would just be impossible to implement the strategy
using the multiblock polymers with multiple trithiocarbonate groups along their
backbone. Reduction of the trithiocarbonate groups would split these polymers
into the individual blocks, as has been demonstrated in Section 5.4.5.

8.3.2.1 Grafting of polymers with single trithiocarbonate groups to
citrate AuNPs

First, a series of structurally equivalent conventional pNIPAm samples with a single
trithiocarbonate group at the terminal chain end, but with different chain lengths,
were used, in order to systematically evaluate the influence of the chain length
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Tab. 8.2: Results from the TEM-image evaluation of all conventional nanohybrid samples: the
sample identifiers for the nanohybrids and the polymers used for their production, the polymers’
My and dispersity D values from the SEC analysis (DMAc, RI detector), the total number of
evaluated TEM images, the total number of measured distances, and the determined interparticle
spacing d. (Data in this table reprinted with permission from a previous publication.!®”! Copyright
2013 American Chemical Society.)

M, in no. micro-  no. dis- d in
sample polymer 48

= graphs tances nm
Ak -9 m-8b 149 1.20 16 561  11.6+2.6
AKTTE-10  m-8¢ 220 121 15 865  16.6+2.1
AckTTE-11 m-8d 2.58 115 1 834 172+ 2.1
Ak TC-12 m-7a 379  Ll4 8 510 23.7+34
Ak TC-13 m-2a 474 115 17 743 300141
Ak TC-14 m-lc 548 119 7 232 34.8+53
Ak C-15 m-2b 6.77 119 1 281  38.8+62
Ak o166 m-2d 7.44 122 15 609  40.9+6.38

on the functionalization process. The SEC traces of these samples are shown in
Figure 5.15 in Section 8.3.2.1.

An excess of the polymers was added to the citrate sol ,'v-3 in aqueous solu-
tion and the extant macromolecules were removed by repeated centrifugation and
redispersion as described in Section 8.3.1. That way, the nanohybrids ,,k*"“-9 to
auK T T€-16 , which will be referred to as “conventional nanohybrids” in the follow-
ing and are sketched schematically in Figure 8.8, were obtained as red dispersions
(absorption maximum around 521 nm in methanol) free of excess polymer, citrate
ions, oxidation products and the very small gold clusters, which are known to re-
main from the synthesis process in low concentrations.!®*! To be absolutely certain
that the polymers remain in solution during the centrifugation, a pNIPAm sample
with a very high molar mass (sample 7t-4a ) was centrifuged for 5d at full speed.
No sedimented polymer was found thereafter.

In contrast to the nanohybrids ,,k*-8 and ,,k*-9 from the defunctionalized
pNIPAm samples, no color change was found for dispersions of the nanohybrids
AukTT€-9 to ,,k"T€-16, even after storing them for months. The presence of
a trithiocarbonate anchor group is crucial for the long-term stabilization of the
nanocomposites.



Chapter 8 Nanohybrids of gold particles

232
Ps »
®
e ]
* ] & %
® ®
® ® q
L L ®
] L] ®
¢ L J
® B ¢ 9
T - ° L ® 5
. L
@ ¢ e ® ®
50 nm 100 nm
(a) sample ,kTTC-10 (b) sample 5,k TTC-12 (c) sample 5,k TTC-15
- T T T W v
iy, .-.'l.c‘.ott v S e
. e, s 7 e o
‘... ... .... .O
®e P ..o..' ® - e % .
-.. ® o e, L .o ®
... L ...' .. - r
.0 g ..c.." . A
o.".‘. Plagl 0 . ® - .
® 3
e 0L e T8 e g . - -
el LA ] o " .
.'o.'.."o . . . - .
.'.. '....‘. ... .Q : 0. % %
4 L L) ]
e Ve "oy s ° =
...‘-..!.. -... ! 2 i
TTC
-13

(d) sample 5,k TTC-11 (e) sample 5,k

Fig. 8.9: Typical regions of hexagonally arranged cores, taken from the TE micrographs of different
conventional nanohybrid samples. As visible in (a), not all particles are ordered in lattices, but there
is always a minimum distance between them, caused by the surrounding, electron-transparent
polymer shell. (Micrographs a, d, and e reprinted with permission from a previous publication. (6]

Copyright 2013 American Chemical Society.)

TEM analysis For the analysis of the nanohybrids via TEM, all specimens were
prepared by drop-casting from methanol rather than water, in order to be sure that
the elongation of the pNIPAm chains would not be influenced by the temperature
or additives. However, the TEM results turned out to be solvent-independent in

later comparative experiments.
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Fig. 8.10: TE micrographs taken with the same magnification in order to illustrate the growing
interparticle spacing with M, of the decorating polymers for five conventional nanohybrid samples.
(Reprinted and adapted with permission from a previous publication.[®*! Copyright 2013 American
Chemical Society.)

The micrographs in Figure 8.9 show representative spots found by the TEM anal-
ysis of the conventional nanohybrids, exemplarily selected for five different samples.
The gold cores can be visualized directly and it is seen that no AuNPs are fused
together and that their size distribution has not changed as a result of the function-
alization process. Regions of different sizes are visible where the AuNPs assembled
into regular hexagonal patterns,”°72! which demonstrates the high homogeneity
and the round shape of the nanohybrids. (Read the possible explanations for this
“islanding” behavior in Section 4.1.3.) This effect occurred spontaneously when the
specimens were prepared by drop-casting using a regular glass pipette which should
not affect the self-assembly.[”*) No annealing was performed. The polymer shells
cannot be seen directly in high magnifications, as would be the case with larger
nanohybrids”# or cores of materials with less electron-interaction,””! but their
presence causes the gold cores to be evenly spaced from each other.* The size of the
hexagonal domains varied and not all particles were assembled in ordered lattices,
but no AuNPs closer together than a constant minimum distance were found. These
distinct spacings between the gold cores are clearly caused by the polymer brushes,
since no other substances are present in the solution. An electrostatic effect!’”! can
be excluded, because pNIPAm-coated AuNPs are completely uncharged, as shown
by zeta potential measurements.[”®!

* At lower magnifications, the polymer shells can be vaguely seen as blurred shadows. They could not
be successfully visualized by staining with ammonium molybdate.[76]
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Fig. 8.11: TE micrographs taken with the same magnification, which feature the same structural
motif of an isolated hexagon. The increasing interparticle spacings are clearly visible. In image
(b), it is demonstrated with red arrows how the distances were measured during the evaluation.
(Micrograph c reprinted and adapted with permission from a previous publication. (] Copyright
2013 American Chemical Society.)

Comparing micrographs 8.9d and 8.9e, taken with the same magnification, the
different interparticle distances in the visible hexagonal regions are evident. It
was observed that these distances increased with growing M, of the polymers
as is shown in 8.10 for samples 5,k 7¢-9, , kTT¢-11, , k"TC-12, , k"TC-13,
and 5,k "T€-16 . The micrographs have the same magnification and are arranged
by the lengths of the decorating polymer chains. (Figure 8.6 shows even shorter
distances in an analogous lattice with the non-polymeric ligand $HA°H-8 .) The
three micrographs in Figure 8.11 show the increasing particle distances for the
isolated typical hexagonal motif. The same phenomenon had already been reported
on a smaller scale with AuNPs coated with alkyl thiols.”®) With growing length of
the alkyl chain from C to C,,, the interparticle distance increased from 1.4 nm to
2.3 nm. Nishi and Kobatake®?! (2012) also observed increasing distances in the TEM
images of citrate AuNPs coated with polystyrene with different chain lengths, but
did not measure the distances between the gold cores systematically. Ohno et al.[*"!
(2003) produced arrays of polymer-decorated AuNPs with increasing distances
for longer polymer chains by depositing the nanohybrids with a special Langmuir
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Fig. 8.12: Interparticle spacing d histograms for three conventional nanohybrid samples. The
binning steps for the histograms are 1nm for ,,kTT¢-9, 1.3 nm for 5,kTT¢-12, and 2 nm for
Ak TTC-16 . (Reprinted and adapted with permission from a previous publication.[®] Copyright
2013 American Chemical Society.)

trough equipped with a compression barrier. Earlier in this work, a similar effect
could also be seen in Figure 5.10, although on an overall smaller scale.

On the basis of these findings, the distances between the particle cores should
be correlated with the M, values of the decorating polymers. To this end, the
average interparticle spacing d was determined by measuring a large number of
shortest distances between the gold cores in several TEM images with resolutions
from 9.40 pixels nm ™ to 3.26 pixelsnm™ (corresponding to magnifications from
660 000-fold to 230 000-fold on the native TEM screen) using the software IMAGE].
Only all twelve distances in complete hexagons were measured and averaged (illus-
trated in Figure 8.11b), in order to compensate for lattice distortions. Performing
this analysis by hand was inevitable, since by automated processes, it is very difficult
to selectively single out the ordered regions. Also, the lattice regularity was not
high enough to find clear reflexes in the TEM diffraction mode./®! The measuring
results are listed in Table 8.2, along with the properties of the corresponding poly-
mers. The distances d are strictly increasing, from sample ,,k"7¢-9 to sample
aukTT€-16 almost by a factor of 4. For the samples with the shortest polymers, the
deviation from the average value is mainly due to the nanoparticles’ shapes, and for
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Fig. 8.13: Plot of the average interparticle spacing d as a function of the M, values of the polymers
in the shell of the conventional nanohybrids. The lines are fits by Equation 8.1. (Reprinted and
adapted with permission from a previous publication.[®®) Copyright 2013 American Chemical
Society.)

the samples with longer polymers, the deviation is mainly caused by the deforma-
tion of the hexagons. The interparticle spacing histogram for samples ,,k" -9
Ak T€-12, and 5,k T€-16 is plotted exemplarily in Figure 8.12. The measured d
values are plotted as a function of the polymers’ average molar masses in Figure 8.13.
When employing polymers with even higher M,, values, such as polymer 7t-4c,
nanohybrids featuring hexagonal lattices with even larger spacings were obtained,
but the distances differed too much from region to region, so that these samples
could therefore not be included in this study.

A reasonable function relating the measured interparticle spacings d to the
polymer’s M, values was then sought to be fitted to the obtained data. If it is
assumed that the M,, dependence of d does not increase with M, itself, the most
simple, yet rational, correlation function that goes through the origin and then
steadily increases with M, has the form:

>

1

d=kx[M,]". (8.1)

Here, k represents the polymer lengths per molar mass and [/ can be interpreted
physically as describing the profile of the increase. The limiting values for I, which
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is strictly related to the grafting density, are I = 1 (linear growth, perfect polymer
brush, Figure 8.8a to Figure 8.8b) and | = 2 (growth with square root, isolated
polymer coils, Figure 8.8¢).82! For dense polymer brushes on flat surfaces, low !
values can be expected, while high [ values would indicate a low grafting density
and/or high curvature of the surface.!®*! The best fit is obtained with the parameters
k =6.02x 1072 m and [ = 1.27 and is shown as the blue line in 8.13. Theoretically,
the parameter k should be equal to twice the contour length (length of maximum
elongation) of pNIPAm per g mol ™. It can be estimated to be approximately kiheo =
2x2.2x1072 m = 4.4 x 10712 m, 85 which is very close to the value derived from
the best fit. Alternatively, only the parameter I can be adjusted to make 8.1 fit to the
data, setting k to the fixed theoretical value. This way, an even lower value of | = 1.22
is obtained. The corresponding curve, which describes the data almost as well, is
the red line in Figure 8.13. It can be seen that the function describes the data quite
well, although the underlying model does not take into account uncertain factors
like the fact that longer polymer chains could influence I more than shorter ones.
The very good agreement of the theoretical k value with the one obtained from the
best fit indicates that ligand intercalation/interpenetration, usually referred to as
“interdigitation” of the ligands,®®5”) which was verified for alkyl thiols on small
silver nanocrystals,!® only occurs to a very low degree, when macromolecules are
on the surface. Although the presented approach is a grafting-to strategy, where the
polymer grafting density is expected to be controlled by the space of the polymer,
rather than the availability of reactive positions on the surface, the profile of the
function describing the dependence of the coating polymers’ molar masses on the
interparticle spacings is more similar to the profile expected for growing polymer
brushes than to the expected profile for the growth of isolated macromolecules,
which might indicate that the polymer coating on the AuNPs is close to the polymer
brush regime.

One could also envision utilizing the obtained calibration function in the opposite
way to produce nanohybrid lattices with selectively targeted spacings by employing
RAFT polymers with the respectively needed molar masses. By pyrolysis and
evaporation of the polymer at high temperatures, even and fine-tuned AuNP arrays
could thus be obtained.!®”!

AFM analysis AFM is complementary to TEM, as it yields the topography of the
sample.l") Tt is preferable to SEM in this case, because the resolving power is higher
and the samples can be measured without pretreatment.°"! Since it was impossible
to use the TEM specimens for the AFM measurements as well, new specimens were
prepared by spin-coating the nanohybrids on glass disks from solution in methanol.
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KTTC

Fig. 8.14: AFM analysis of the conventional nanohybrid sample 4, -14 . The three images
are from specimens spin-coated with different nanohybrid concentrations.
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Fig. 8.15: AFM analysis of the topography of a single conventional nanohybrid from sample
AukTTC-14 . Image (a) was created as described in Section 4.2. The diagram in (b) shows the
height profile, when the object in (a) is cut along the blue line. The semitransparent AuNP has a
diameter of 13.6 nm—the average value determined for ,5'v-3 in Section 5.1.2.3.

By this preparation method, no close-packed lattices arose. Three AFM images
of sample k" T¢-14 , which is at the upper end of the conventional nanohybrids
regarding the interparticle spacing, are shown in Figure 8.14. Here, the outside of the
polymer shells is visualized, rather than the gold cores. Remarkably, all nanohybrids
are very homogeneous and completely isolated. Their slightly elliptic shape is no
measuring artifact—it was retained even when the scanning direction was rotated
by 90° and is presumably due to the deposition by spin-coating.



8.3 Grafting of polymers to citrate AuNPs 239

. KTTC71 1 Au KTTC710 Au KTTC_9
—~ / / /
IS
<
[}
N
N
1]
<
~
>
=
1%}
<
[
-
<
=
@]
=
|
[
et
(5]
e
20 21 22 23 24 25 26

elution volume in mL

Fig. 8.16: Elution chromatograms of the five conventional nanohybrid samples with the short-
est macromolecules on the surface: samples 5,k T1¢-9, o,k TTC-10, o,k TTC-11, 5,k TTC-12,
Ak TTC-13 . A shift to lower elution volumes and a significant broadening of the SEC traces are ob-
servable. The samples coated with even longer conventional polymers were excluded. (Reprinted
and adapted with permission from a previous publication.[°®] Copyright 2013 American Chemical
Society.)

Figure 8.15a shows the projection of one random single nanohybrid from sample
auK ' T€-14 . The image was created using the workflow described in Section 4.2.
Figure 8.15b shows the height profile along the blue line in Figure 8.15a. A single
semitransparent AuNP projection with a diameter of 13.6 nm (see Section 5.1.2.3) is
drawn in the middle of this cut. It can be seen that the polymer shell is only slightly
higher than the AuNP, but extends farther on both sides. The polymer chains lie
mainly around the individual AuNPs. The thus induced compression could explain
the low / parameter. (Compare the solid silica nanoparticles ;o v-2 in Figure 4.8,

where the width exactly coincides with the height.)

In this particular case, the diameter of the analyzed nanohybrid coincides very
well with the corresponding interparticle spacing from the TEM analysis (d =
34.8 + 5.3nm), but to make a truly meaningful comparison, a large number of
randomly selected nanohybrids would have to be measured this way—an extremely
tedious and time-consuming task.
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SEC analysis All trithiocarbonate-nanohybrid samples were subjected to SEC
analysis with the same DMAc-setup which had also been used for the pure polymers.
To this end, the purification by centrifugation was performed with redispersion
in DMAc instead of methanol. A well suited gold concentration for the SEC mea-
surements was approximately 1gL™!. This concentration was determined based
on the optical attenuation at 520 nm, assuming that the functionalization and the
different solvent have no major effect on the attenuation behavior (see Figure 5.9).
Correspondingly, the SEC elution behavior was traced with the UV detector set to

the plasmon-resonance wavelength of the AuNPs at 520 nm. This signal can be used,
because of the high homogeneity of the encapsulated AuNPs, and had a much higher
signal-to-noise ratio, but was otherwise practically identical to the RI detector out-
put. All obtained SEC traces feature a unimodal signal and no remaining unbound
polymer could be found, showing the success of the applied purification. The SEC
traces were almost unaffected by the concentration of the examined nanohybrids.
For want of any calibration data for this type of nanocomposites, the raw elution
chromatograms are taken into consideration here, without converting them into

molar mass distributions. Figure 8.16 shows the SEC traces of samples 5,k " '¢-9,
Ak TTC-10, o kTTC-11, 4, kTTC-12, and ,,kTTC-13 . As expected for larger ob-
jects, the signals are observed at lower elution volumes than for the respective pure
polymers. (Going from 31.6 mL for t-8b to 26.4mL for 7t-2a.) With higher
chain lengths of the encapsulating polymers, the elution volumes further decrease.
Decreasing elution volumes in SEC for nanostructures with identical gold cores

but increasing shell thickness have already been reported in literature, although

with smaller dimensions for both cores and shells than examined here.[*>*3) Addi-
tionally, it can be seen in Figure 8.16 that the signals become broader with higher
chain length of the coating polymers. While the signal for sample ,,k"7¢-9 is

still very narrow—applying the same PMMA calibration as for the analysis of the
pure polymers would yield a dispersity of D = 1.09, for example—the width of the

signal increases approximately exponentially with the coating polymers’ chains

lengths, making the peak for k' ¢~13 already so broad that the samples with

longer polymers had to be excluded here. A possible explanation for this broad-
ening is the formation of aggregates of different sizes by the entanglement of the
coating polymers. In these agglomerates, the nanohybrids would be temporarily
immobilized in parts of the SEC setup, leading to higher retention times. For longer
coating macromolecules, one would also expect a higher degree of entanglement. In

addition to the higher width, an increasing skewing can be observed for the samples

with higher M, values, the main cause for this probably being the SEC experiment
itself, since it has been shown that larger particles lead to higher SEC skewing,[*+°°!
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Fig. 8.17: In principle conceivable binding schemes for nanohybrids composed of AuNPs in the
core and shells of macromolecules with multiple trithiocarbonate groups along their backbone:
(a) The trithiocarbonate groups bind to different AuNPs which are thus interconnected and a
network is formed. (b) The polymer chains are wrapped around the AuNPs, forming loops linked
with multiple sites. (c) The macromolecules couple only with a single trithiocarbonate group.
The results from the presented study show that (b) is the actual structure. All illustrations are
schematics not drawn to scale.

Lin et al.®®! (2009) reported strong skewing even when examining AuNPs with
diameters below 2 nm coated with dihydrolipoic acid on a SEPHACRYL column.

8.3.2.2 Grafting of polymers with multiple trithiocarbonate groups to
citrate AuNPs

It is an especially intriguing question which kind of nanostructures are formed,
when the NIPAm multiblock polymers with several trithiocarbonate groups along
their backbone (see Section 5.4.4) are employed in the same functionalization
process. These samples will be denoted “multiblock nanohybrids” in the following.

Figure 8.17 shows the different binding schemes which could in principle be
expected: The multiblock polymers could connect with their binding groups to
different AuNPs, forming a network (Figure 8.17a), they could be wrapped around
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Tab. 8.3: Results from the TEM-image evaluation of all multiblock nanohybrid samples: the
sample identifiers for the nanohybrids and the polymers used for their production, the polymers’
‘M, and dispersity P values from the SEC analysis (DMAc, RI detector), the average number
of trithiocarbonate groups per polymer Nyrc calculated via Equation (5.20) (Section 5.4.5),
the total number of evaluated TEM images, the total number of measured distances, and the
determined interparticle spacing d. (Data in this table reprinted with permission from a previous
publication.!®) Copyright 2013 American Chemical Society.)

sample polymer Mf in Z no. micro- no. dis- d in
10* - graphs tances nm
ackMB-17  AMPo15c 438 3.00 17 554 12.6+3.8
ackMB-18  mMB_17b 541 450 27 1748  13.0+3.4
Ak P19 mMB_18a 595 3.20 11 966  13.7+4.2
ackP-20 mMBolea 711 1.90 16 713 16.8+3.9
kP21 AMPoub 9.08  2.00 21 540 14.6+4.1

the AuNPs, linked to the same particle at multiple sites and forming loops on
the nanoparticles’ surface (Figure 8.17b), or they could bind to the AuNPs with
only a single trithiocarbonate moiety, leaving the rest unreacted (Figure 8.17c).
Du et al.l’7?%! (2008, 2010) used trithiocarbonate-group containing multiblock
copolymers as capping agents in the synthesis of AuNPs of lower sizes than those
of citrate particles and did not observe interconnection of the thus synthesized
AuNPs, but it was not possible to elucidate if loops on the surfaces had formed. At
the same time, it is known that AuNPs are fused into a covalently bonded network
by a-w-dithiols with short alkyl-chains.!**!°°! Given the results from Section 8.1.1.3,
the assumption of particle crosslinking (Figure 8.17¢c) would arguably first be made.

The multiblock nanohybrids ,,k™5-17 to ,,k™®-21 were produced from cit-
rate AuNPs ,v-3 and the multiblock polymer samples listed in Table 5.3 in an
identical way as reported for the conventional nanohybrids above. The resulting red
dispersions in methanol did not differ in appearance from those with the conven-
tional nanohybrids, although their redispersion tended to need some more time and
sonication. The fact that no precipitation was observed already makes the theory
that the AuNPs would be crosslinked by the multiblock polymers very unlikely
(Figure 8.17¢).

TEM analysis The multiblock nanohybrids exhibited the same minimum spac-
ing and ordering when examined via TEM as had been observed for the conventional
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nanohybrids before, although the formed lattices were slightly more irregular. Fi-
gure 8.18 shows four exemplary micrographs of different samples. The fact that all
particles are found next to each other and no stacking was seen up until very high
concentrations constitutes more evidence that the gold cores are in no way held
together by the covering multiblock polymers. AuNP aggregates of gold cores were
found in no case.

The distances were measured in the same way as for the conventional nanohybrids
(see Figure 8.11b). The results are listed in Table 8.3, along with the assignment
of sample identifiers and the characteristics of the encapsulating polymers, taken
from Table 5.3. It can be seen that the d values deviate slightly more from the
average than in the case of the conventional nanohybrids, which reflects that the
lattices were less regular here. This could indicate that the polymer shells in the
multiblock nanohybrids are less homogeneous in shape. But most notably, the
interparticle spacings are approximately the same for all five examined samples
AukMB-17, A kMB-18, , kMB19, , kMP-20, and ,,kMP-21 and lie distinctly
under the values for the conventional nanohybrids (also compare with Figure 8.18d
with the hexagons in Figure 8.11), independent of the polymer chain length and
the number of trithiocarbonate groups, as can be seen in the plot of the measured
average d values as a function of M, together with the previously determined
calibration function for the conventional nanohybrids in Figure 8.19. It can be
assumed that the M, values are comparable for the conventional and the multiblock
polymers, since the components of multifunctional RAFT agent only constitute a
small part of the whole multiblock polymers. The M, values are mainly interpreted
relative to each other here, so that it would not matter much if, by the used SEC
calibration, slightly inaccurate masses had been obtained. But the spacings are still
all higher than for S v"-13 with the water-soluble thiol *"A°"-8 (Figure 8.6) or
for the conventional nanohybrid ,,k""€-9 . This shows that there is undoubtedly
polymer on the AuNP surfaces.

The observed behavior demonstrates that the multiblock polymers are indeed
wrapped around the AuNPs as depicted in Figure 8.17b. If the multiblock polymers
were only connected via one single group (Figure 8.17¢c), one would still expect
that the distances increase from ,,k™®-17 to »,k™®-21. However, it cannot be
elucidated from this analysis whether the spacing is influenced more by the looped
middle blocks or the (smaller) end blocks (see Section 5.4.4.1). It also remains to
be further explored if the constant value of approximately 14 nm reflects an ideal
distance for the linkage points of the polymer loops on the AuNP surface and if it
is a coincidence that this spacing almost exactly coincides with the average AuNP
diameter.
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Tab. 8.4: Results from the SEC analysis of gold—pNIPAm nanohybrids. All nanohybrid samples
with the sample identifier of the coating polymers, the coating polymers’ My, values from the
SEC analysis (DMAc, RI detector), the average number of blocks per polymer b; calculated via
(5.20) (Section 5.4.5), the interparticle spacing d from the evaluation of TEM images, and the
maximum elution volume Vi« sec and the full width at half maximum wggc of the SEC traces
of the nanohybrids (UV detector at 520 nm). The corresponding elution chromatograms can
be seen in Figures 8.16 and 8.20. (Data in this table reprinted with permission from a previous
publication.[® Copyright 2013 American Chemical Society.)

Mnin 7 d Vmax,SEC WSEC
sample polymer ‘e bei in nm inmL  inmL
Ak TC-9 m-8b 149 12 1.6+26  24.04 1.09
Ak TE-10 m-8¢ 220 12 166+21  23.45 1.25
k-1 m-8d 258 12 172421  22.83 1.27
aKTC-12 m-7a 379 11 237+34 2271 1.67
Ak TC-13 m-2a 474 12 301+41 2152 3.17
ackMB-17  AMPo15c 438 4.0 126+38  24.32 1.32
akMB-18  mMB17b 541 55 13.0+£34 2376 1.44
akMB-19  mMB_18a 595 42 137+42 2451 1.38
ackMB-20 mMB_lea 711 29 168439  24.39 1.23
ackMB-21 AMPolb 9.08 3.0 14.6+41  24.35 1.26

AFM analysis AFM images of the multiblock nanohybrids were comparable to
those of the conventional nanohybrids shown in Figure 8.14. The nanohybrids were
found evenly distributed on the prepared specimens and in no way preferentially
associated to each other—another proof that interparticle linking is present to no
extent in these nanostructures.

SEC analysis As was shown above for the conventional nanohybrids, the multi-
block nanohybrids were now subjected to SEC analysis in an identical way. Fi-
gure 8.18 shows the five obtained elution chromatograms for samples 5,k™?-17
to a,k™B-21. The semitransparent SEC traces of the conventional nanohybrid
samples 5, kTT¢-9 to 5,k T¢-13 are taken from Figure 8.16. The broadness and
to some extent the position of their peaks can be used as an internal reference.

In order to quantify this kind of evaluation, the position of the maximum Vi, sec
and the full width at half maximum wggc of the signals are listed for all examined
nanohybrid samples in Table 8.3. Inspecting the results for the multiblock nanohy-
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brids 5, kMB-17 to ,,kMB-21, it stands out that all signals are very similar, appear
at high elution volumes and are relatively narrow, in the range of the conventional
samples 5,k 7¢-10 and ,,k"TC-11. This shows that all nanoparticles are well
separated from each other and are not interconnected by the multiblock polymers.
Furthermore, as seen before with TEM, also the SEC results prove that the multi-
block nanohybrids all have approximately the same size and are considerably smaller
than would have been expected by the molar masses of the decorating polymers,
providing even more evidence that the multiblock polymers are wrapped around
the AuNPs.

Conclusions on the binding motif Based on the results from analysis of the
multiblock nanohybrids, a very clear answer could eventually be given to the seem-
ingly intricate initial question regarding which way polymers with multiple trithio-
carbonate groups would bind to gold nanocrystals from reduction with citrate: by
interconnection of different AuNPs (Figure 8.17a), by wrapping around the nanopar-
ticles (Figure 8.17b), or by binding to the AuNPs with only one trithiocarbonate
group (Figure 8.17¢).

Crosslinking of the AuNPs by the coating multiblock polymers could be directly
ruled out, mainly because of four findings:

« The position of the plasmon-resonance peak of the prepared nanohybrids
was not shifted to longer wavelengths, which would have been expected in
the case of aggregation.

« No stacking or twinning of nanoparticles was observed with TEM. All parti-
cles were well isolated.

o Evenly distributed deposited nanohybrids on the specimen were also found
by AFM.

o A single and relatively narrow signal was observed in the SEC traces.

The conventional nanohybrids »,k""¢-9 to ,,k"7¢-16 could be used as a

reference in TEM and SEC measurements to decide between the remaining two
possibilities shown in Figure 8.17b and Figure 8.17c. Although the employed multi-
block polymers possess diftferent chain lengths and numbers of trithiocarbonate
groups, all of their nanohybrids with the AuNPs showed approximately the same
distances of on average 14 nm in the self-assembled hexagonal lattices that were
found by TEM in all cases. Moreover, these distances are clearly lower than those
from the previously obtained calibration function for the conventional nanohybrids,
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which is a clear indication that the multiblock polymers are indeed wrapped around
the nanoparticles and not only bound with one or a low number of their trithiocar-
bonate groups. This was confirmed by SEC: While the traces of the conventional
nanohybrids feature a signal which is shifted to lower elution volumes and broadens
approximately exponentially with increasing chain length of the decorating poly-
mers, the signals of the multiblock nanohybrids appear at higher elution times and
are smaller than one would expect in comparison. The revealed true structure of
the multiblock nanohybrids is highlighted by the blue background in Figure 8.17.

Using polymers with multiple trithiocarbonate groups is therefore a second novel
and straightforward way to prepare polymer loops on nanosurfaces, in addition
to the approach shown in Section 7.1. The produced multiblock nanohybrids are
promising candidates for applications where stable gold nanocrystals are needed.
Whether the found binding motif gives rise to special properties and whether their
binding trithiocarbonate groups are still accessible for further functionalization
reactions, are worthwhile topics for further investigations.
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Fig. 8.18: Typical hexagonally arranged gold-core structures, taken from the TE micrographs of dif-
ferent multiblock nanohybrid samples. The structures are comparable to those of the conventional
nanohybrids (Figure 8.9). Compare image (d) with the hexagons in Figure 8.11. (Micrograph ¢
reprinted and adapted with permission from a previous publication.[¢] Copyright 2013 American

Chemical Society.)



248 Chapter 8 Nanohybrids of gold particles

fit for conventional nanohybrids:
k=6.02x 107> m and [=1.27
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Fig. 8.19: Plot of the average interparticle spacing d as a function of the M, values of the polymers
in the shell of five multiblock nanohybrids in comparison to the calibration curve obtained for the
conventional nanohybrids (Equation 8.1 with k = 6.02 x 1072 m and [ = 1.27). The distances in
the structures formed by the multiblock nanohybrids lie distinctly under this calibration curve and
are almost independent of the polymers’ molar masses. (Reprinted and adapted with permission
from a previous publication.!®] Copyright 2013 American Chemical Society.)
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Fig. 8.20: Elution chromatograms of the multiblock nanohybrid samples. The semitransparent
traces of the five conventional nanohybrid samples with the shortest macromolecules on the
surface from Figure 8.16 are shown for comparison. (Reprinted and adapted with permission
from a previous publication.[°® Copyright 2013 American Chemical Society.)
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