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Abstract

Two model reactions are investigated with thermoresponsive core-shell nanoreactors. The
widely used reduction of 4-nitrophenol (Nip) and the reduction of potassium
hexacyanoferrate(Ill) (HCF), both reduced with sodium borohydride. The nanoreactors
comprise of a polystyrene (PS) core surrounded by a thermoresponsive hydrogel shell of
poly-N-isopropylacrylamide (PNIPAM) crosslinked with N,N’-methylenebisacrylamide.
Metal nanoparticles are immobilised inside the hydrogel shell on the surface of which the

model reactions are catalysed.

Prior to the kinetic analysis, mechanistic studies of the nitroarene reduction mechanism and
kinetic studies of the 4-nitrophenol reduction with the focus on gold and silver catalysts are
reviewed in a comprehensive literature survey. For the reaction to be suitable as a model
reaction, the reaction path is required to follow the so-called direct route from the nitroarene
reactant to the aminoarene product (via nitroso- and hydroxyalamine intermediates). This was
found to be the case for gold, silver, platinum and palladium catalysts. Here, the precise
mechanism appears to be highly sensitive to combinations of catalyst metal, nitroarene
substituents, solvent, and reaction conditions. For the aqueous reduction of Nip, indications
for a difference in the rate-determining step between gold and silver are found. On gold, the
last step from 4-hydroxylaminophenol to 4-aminophenol is rate-determining while on silver it
could be the first reaction step. The review of kinetic studies shows that isosbestic points in
the UV-Vis spectra are found with a higher probability with silver- than with gold catalysts,

supporting the hypothesis of a difference in the rate-determining step between gold and silver.

The kinetics of the aqueous reduction of 4-nitrophenol is investigated with silver
nanoparticles immobilised in PS-PNIPAM core-shell nanoreactors. The deconvolution of the
UV-Vis spectra discloses that 4-nitrophenol is directly converted to 4-aminophenol without
accumulation of intermediates, additionally supporting the hypothesis of a rate-determining
first reaction step on silver. Based on a kinetic model derived previously for gold catalysts, a
modified kinetic model is derived. The model accounts for the conversion of reactants to
products in a two-step reaction without accumulation of intermediates. The kinetic data are
fitted accurately at low conversions, but the fit begins to deviate towards higher conversions.
An analysis of the relative deviation between experimental data and fit indicates that the

adsorption of the product 4-aminophenol, not accounted for in the model, could be the reason.
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Investigations of the influence of the temperature reveal the typical non-Arrhenius
dependency of the reaction rate, which was found previously for thermoresponsive PNIPAM
based catalysts. The temperature dependence of the adsorption constant of borohydride
provides evidence that the partition ratios (i.e. the concentration ratio between bulk/hydrogel)

of the reactants are relevant parameters for the kinetics of catalysts embedded in hydrogels.

The reduction of potassium hexacyanoferrate(Ill) is investigated with gold nanoparticles
embedded in PS-PNIPAM core-shell nanoreactors. The kinetic measurements reveal a strong
influence of the ionic strength on the reaction rate and an inhibiting effect, increasing with
increasing HCF concentration. Based on these observations, a new kinetic model is described,
which accounts for the relevant influence factors of the hydrogel, the catalyst geometry,
diffusional-, and electrostatic effects. Due to the diffusion-controlled reaction kinetics, the
reaction product accumulates inside the hydrogel shell and repels the reactant HCF. As a
consequence, the diffusion rate of HCF to the catalyst and thus, the reaction rate itself

decrease.

The results show that the reaction rate is increasing with increasing ionic strength as the
charges of the accumulated products are screened better. With increasing HCF concentration,
the rate is decreasing because more products accumulate and increase the repulsion of the
reactant. Furthermore, the model shows the influence of ion partitioning inside the hydrogel.
Even at constant bulk ionic strength the ionic strength inside the hydrogel is changing upon
replacement of one ion species by another with a different partition coefficient. Investigating
the influence of the reaction temperature discloses that the activation energy for the diffusion
of reaction products is in the regime of thermal activation. The permeability of the hydrogel
for HCF shows a minimum around the lower critical solution temperature (LCST) of
PNIPAM while it is generally increasing with increasing temperature, pointing to a strong
affinity to the hydrogel at elevated temperatures. The model demonstrates the importance of
electrostatic effects in diffusion-controlled reactions in hydrogels with only a few relevant and

physically meaningful fit parameters.

Keywords: 4-nitrophenol, hexacyanoferrate(III), kinetics, nanoparticles,

PNIPAM, smart catalysis, thermoresponsive nanoreactors.
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Zusammenfassung

Zwei Modellreaktionen wurden mit thermoresponsiven Kern-Schale Nanoreaktoren
untersucht. Die weit verbreitete Reduktion von 4-Nitrophenol (Nip) und die Reduktion von
Kaliumhexacyanidoferrat(Ill) (HCF) mit Natriumborhydrid. Die Nanoreaktoren bestehen aus
einem Polystyrol Kern, umgeben von einer Hydrogel Schale aus mit N,N’-Methylenbis-
acrylamid vernetztem Poly-(N-Isopropylacrylamid) (PNIPAM). Die Reaktionen werden von
Metall Nanopartikeln katalysiert, die in der Hydrogel Schale synthetisiert und fixiert wurden.

Vor der kinetischen Analyse wurden mechanistische Studien der Reduktion von Nitroarenen
und kinetische Studien der Reduktion von Nip mit, dem Fokus auf Gold- und Silber
Katalysatoren, in einer umfassenden Literaturstudie zusammengefasst. Um als Modellreaktion
geeignet zu sein, muss der Reaktionsweg der sogenannten direkten Route vom Nitroaren
Reaktand zum Aminoaren Produkt (iiber Nitroso- und Hydroxylamin Zwischenstufen) folgen.
Dies ist fiir Gold-, Silber-, Platin- und Palladiumkatalysatoren der Fall. Hierbei scheint der
genaue Mechanismus hochsensibel auf die Kombination aus Katalysatormetall, Nitroaren
Substituenten, Losungsmittel und Reaktionsbedingungen zu sein. Fiir die wissrige Reduktion
von Nip wurden Anzeichen fiir einen Unterschied im geschwindigkeitsbestimmenden Schritt
zwischen Gold und Silber gefunden. Auf Gold ist es der letzte Reaktionsschritt von
4-Hydroxylaminophenol zu 4-Aminophenol wahrend es auf Silber der erste Reaktionsschritt
sein konnte. Die Durchsicht von kinetischen Studien zeigte, dass isosbestische Punkte in den
UV-Vis Spektren mit héherer Wahrscheinlichkeit mit Silber als mit Gold Katalysatoren zu
finden sind. Dies unterstiitzt die Hypothese eines Unterschieds im geschwindigkeits-

bestimmenden Schritt zwischen Gold und Silber Katalysatoren.

Die Kinetik der wéssrigen Reduktion von 4-Nitrophenol wurde mit Silber Nanopartikeln
untersucht. Die Dekonvolution der UV-Vis Spektren hat gezeigt, dass Nip ohne Anreicherung
von Zwischenprodukten zu 4-Aminophenol umgesetzt wird. Dies erhértet die Hypothese eines
geschwindigkeitsbestimmenden ersten Reaktionsschrittes auf Silber weiter. Basierend auf
einem zuvor fiir Gold Katalysatoren entwickelten Modell wurde ein neues kinetisches Modell
abgeleitet. Das Modell beschreibt die Reaktion in zwei Schritten ohne Anreicherung von
Zwischenprodukten. Die kinetischen Daten konnten bei niedrigen Umsétzen gut gefittet
werden, bei hoheren Umsiétzen beginnt der Fit jedoch abzuweichen. Die Analyse der relativen

Abweichung zwischen experimentellen Daten und Fit deutet darauf hin, dass die Adsorption
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des Produktes, die im Modell nicht beriicksichtig wurde, der Grund dafiir sein konnte.
Untersuchungen des Einflusses der Temperatur ergaben die typische, von Arrhennius
abweichende Abhidngigkeit der Reaktionsrate, die bereits zuvor fiir auf PNIPAM basierende
Katalysatoren gefunden wurde. Die Temperaturabhédngikeit der Adsorptionskonstante von
Borhydrid liefert Hinweise, dass die Partitionierungsverhéltnisse (d.h. das Konzentrations-
verhéltnis zwischen auler- und innerhalb des Hydrogels) der Reaktanden relevante Parameter

fiir die Kinetik von in Hydrogelen eingebetteten Katalysatoren sind.

Die Reduktion von Kaliumhexacyanidoferrat(Ill) wurde mit Gold Nanopartikeln untersucht.
Die kinetischen Messungen zeigen einen starken FEinfluss der Ionenstirke auf die
Reaktionsate, sowie einen mit der HCF Konzentration ansteigenden inhibierenden Effekt.
Basierend auf diesen Beobachtungen wird ein neues kinetisches Modell beschrieben, dass die
relevanten Einflussfaktoren durch das Hydrogel, die Katalysatorgeometrie, Diffusions- sowie
elektrostatische Effekte bertlicksichtigt. Weil die Reaktion diffusionskontrolliert ist, reichert
sich das Produkt in der Hydrogel Schale an und stoft den Reaktand HCF ab. Als Folge sinken

die Diffusionsrate und dadurch die eigentliche Reaktionsrate.

Die Ergebnisse zeigen, dass die Reaktionsrate mit steigender lonenstdrke ansteigt, da die
Ladungen des angereicherten Produkts besser abgeschirmt sind. Mit steigender HCF
Konzentration sinkt die Reaktionsrate weil sich mehr Produkt anreichert und dadurch die
AbstoBung des Reaktanden verstdrkt wird. Dartiber hinaus zeigt das Modell den Einfluss der
Partitionierungsverhéltnisse. Selbst bei im Volumen konstanter Ionenstdrke dndert sich die
Ionenstirke im Hydrogel, wenn eine lonenspezies durch eine Andere mit verschiedenem
Partitionierungsverhéltnis ersetzt wird. Der Einfluss der Temperatur zeigt, dass die
Aktivierungsenergie der Diffusion des Produktes im Bereich der thermischen Aktivierung
liegt. Die Permeabilitidt des Hydrogels fiir HCF zeigt ein Minimum im Bereich der unteren
kritischen Losungstemperatur von PNIPAM, steigt aber insgesamt mit der Temperatur, was
auf eine starke Affinitdt von HCF zum Hydrogel bei erhohter Temperatur hinweist. Insgesamt
zeigt das Modell die Wichtigkeit von elektrostatischen Effekten in diffusionskontrollierten

Reaktionen in Hydrogelen mit nur wenigen physikalisch interpretierbaren Parametern.

Schliisselworter: 4-Nitrophenol, Hexacyanidoferrat(Ill), Kinetik, Nanopartikel,

PNIPAM, intelligente Katalyse, thermoresponsive Nanoreaktoren.
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1. Introduction

Catalysis has been a crucial concept in the chemical industry for more than a century and is of
enormous technical significance for the economy." * Nowadays, around 90% of all chemical
processes and 60 to 80% of all chemicals produced globally are based on catalytic
processes.” > Heterogeneous catalysis has here a pivotal role due to its practicability in large
scale industrial processes. The simple separation of reactants/products from the catalyst
allows converting raw materials in an economically efficient way.* " *° Since the first large-
scale industrial processes have revolutionised the fertilizer production and thus the global
food production, heterogeneous catalytic processes have been developed for many other large
scale productions and dominate the petro-/bulk chemical industry today.” With the increasing
challenges of becoming economically/energetically more efficient and the trend to “greener”
(and more selective) chemical processes to protect the environment, novel approaches are

emerging for rational catalyst design.” *°

In this context, metallic nanoparticles have become subject of intense research during the last

8, 10, 11
two decades.”

Industrially, metal catalysts are for example used in hydrogenation
reactions, reduction of NOx compounds and (partial) oxidations.'? While silver is for example
applied in the oxidation of ethene,” gold was thought to be catalytically inactive for a long
time.'* In the 1970s the first evidence was found that gold nanoparticles are catalytically

active in the hydrogenation of olefins.'> '®

However, the finding of Haruta et al. in 1987 that
gold can catalyse the oxidation of carbon monoxide far below room temperature is often seen
as the seminal work regarding the catalytic activity of gold nanoparticles.'” '® '’ Since then
gold has been demonstrated to be catalytically active in various other reactions such as the
oxidation of methane,” the oxidation of propane to acetone®' or the hydrochlorination of
acetylene to vinyl chloride.? Today both gold”’ 2 and silver” ** as well as other transition
metal (catalytic) nanomaterials receive great attention and are among the most active fields in

: 10, 25,2
nan0-501ence.8’ 025,26

1.1 Preparation of metal nanoparticle based catalysts

Metal nanoparticles can be synthesised by two general approaches.”” In the top-down
approach, nanoparticles are generated by disintegrating the bulk metal, e.g. by pulsed laser

ablation in liquid.”® * In bottom-up approaches, a metal precursor, usually a metal salt like
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tetrachloroauric acid, gold(Ill) chloride or silver nitrate, is reduced either by chemical

reducing agents like sodium borohydride or the reduction is physically triggered by pulsed

laser photolysis,*® electromagnetic irradiation (microwave up to gamma),’’> 3% 3 3% 3. 36

37,38 9

ultrasonication or thermolysis.3

The main challenge with metal nanoparticles is that they tend to coalesce and aggregate.> * '°

As a consequence, the catalytically active surface area is reduced, and the particles may
precipitate and lose their catalytic activity (partially or entirely). Therefore, metal

nanoparticles always require a suitable stabilisation to sustain their colloidal stability and

27,40

morphology (size and shape) over long periods. For that purpose, the metal precursors are

commonly reduced in the presence of soluble or colloidal stabilising/capping agents or
(porous) support materials.® *> ?” The stabilisation can be of electrostatic or steric nature.”’

Pivotal is that the metal surface is still accessible for the reactants in catalysis, i.e. the surface

must not be irreversibly and entirely covered by the stabiliser."

For a long time, a standard method for the production of gold nanoparticles was the reduction

23, 41
1.7

of tetrachloroauric acid with citrate developed by Turkevich et al. in 195 Here citrate

acts as reducing- and capping agent at the same time. Since then many other systems have

been developed where the nanoparticles are stabilised by various small molecules like

43, 44 46, 47, 48

surfactants,* alkylamines or alcohols,” or by larger molecules like dendrimers or

49, 50, 51

polymers. The advantage of using polymers is their versatility. They can be combined

52,53, 54,55 56, 57, 58,

to (block-)copolymers to form micellar structures,
60, 61, 62, 63

star- or branched polymers,

64,65, 66,67 and thus offer an almost

>% spherical polyelectrolyte brushes or hydrogels
unlimited number of possible support architectures.*” >° Furthermore, if so-called responsive
polymers are applied, the support can provide an environment which not only stabilises the

metal nanoparticles but provides additional functionality.

1.2 Stabilisation with responsive polymers

Responsive polymers are polymers which are sensitive to stimuli such as pH,* @ light,** ™

2 4 : 1
66.72. 3. o1 even multiple triggers.®™ 7> ’® Hence the

concentration of cosolutes,”' temperature
catalytic activity of nanoparticles stabilised by such polymers can be modulated externally.
Therefore, such systems are termed active carriers or nanoreactors.'’ Recently systems
comprising the thermoresponsive polymer poly-N-isopropylacrylamide (PNIPAM) are under

2
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. . . . . . . . 8 79
intense research due to their potential use in biomedical applications’” ’*’

80, 81 82,83

such as drug

delivery or biosensing and catalysis.” '** PNIPAM exhibits a so-called lower critical
solution temperature (LCST). It is hydrophilic at low temperatures and becomes hydrophobic
above its LCST of 32 °C.** %% Ag a consequence, hydrogel networks of PNIPAM undergo a

volume transition upon heating where they expel water, and the hydrogel collapses.

Figure 1: Core-shell nanoreactors comprising of a PS core (grey), a thermoresponsive PNIPAM shell
(blue) and gold or silver nanoparticles immobilised in the shell (orange). Upon heating above

(cooling below) 32 °C the network changes its volume and shrinks (swells).

In this work, core-shell hydrogels comprising of a polystyrene (PS) core surrounded by a
PNIPAM hydrogel network are applied as carriers for silver and gold nanoparticles. The latter
are synthesised by adsorbing the metal precursor in the PNIPAM hydrogel and subsequent
reduction by sodium borohydride. The as-obtained nanoreactors and their thermoresponsive

behaviour are shown schematically in Figure 1.

1.3 Heterogeneous catalysis with metal nanoparticles

The fast development in nanoscience and the development of new synthetic protocols has
enabled the synthesis of metal nanoparticles with well-controlled morphology.? % 2 26 87- 88. 89
This enables catalytic studies of the coherences between catalytic activity and the size, shape
and composition of nanoparticles. For that purpose model reactions are applied which offer
the possibility to test, assess and compare the catalytic activity of different nanomaterials. For
that, model reactions need to fulfil some criteria in order to allow quantitative comparison

between different catalysts.'" "'
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- It should be a well-established reaction from reactant to product without the

occurrence of side reactions or by-product formation.
- The reaction should not occur without the catalyst.

- The reaction rate is easily accessible and can be measured with high precision in order

to allow for a detailed kinetic analysis.

- The reaction can be measured under mild conditions, i.e. at moderate (room)

temperature and in mild solvents.

Subjects of this work are two model reactions which are used in noble metal catalysis and

introduced hereafter.

1.3.1 Model reactions — reduction of 4-nitrophenol

The catalytic reduction of 4-nitrophenol (Nip) with borohydride in aqueous solution by noble
metal nanoparticles has been first investigated by the groups of Pal et al. and Esumi et al.***"
It was shown that the reaction can be catalysed by gold, silver and copper nanoparticles. In
contrast, Nip and borohydride alone showed no reaction.*” ** °' Since then the reaction
became the probably most widely applied benchmark reaction to assess the catalytic activity
of metal nanoparticle catalysts of diverse architectures and compositions.' ** %>

The general reaction scheme for the reduction of nitroarenes, shown in Figure 2, was first
established by Haber in 1898 based on the electrochemical reduction of nitrobenzene on a
platinum cathode.” Two reaction routes were identified. In the so-called direct route
nitroarenes (1) yield the respective arylamine (4) in three reaction steps via nitroso (2) and
hydroxylamine (3) intermediates. In the condensation route, the latter two intermediates
undergo a condensation reaction in solution to yield an azoxy intermediate (5) which is
subsequently reduced to the respective arylamine via azo (6) and hydrazo (7) intermediates.
Since then all intermediates have been verified, and the reaction scheme was extended by a
disproportionation mechanism where two arylhydroxylamine molecules are transformed into
an arylamine and a nitrosoaryl molecule.” The disproportionation was only shown to occur
on Raney nickel catalyst together with additional promoting agents such as vanadium salts
and therefore plays no role for the reduction on noble metal catalysts discussed here.” *°

However, the condensation route mechanism could occur as undesired parallel reaction to the

4
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desired direct route if the intermediates desorb from the catalyst surface. Therefore, care

should be taken during the kinetic evaluation.

1
R condensation route

disproportionation

:UE w
L
(=]
T

a
=
I

Figure 2: Reaction scheme for the reduction of nitroarenes. Direct route (green), condensation route

(red) and disproportionation mechanism (blue).

The advantage of the reduction of Nip is the cost-efficient and straightforward
implementation of catalytic tests with standard lab equipment available in many laboratories.
Mixed with an aqueous solution of borohydride, 4-nitrophenol is deprotonated to 4-
nitrophenolate (due to the basic pH caused by borohydride) which shows a strong absorption
peak at A =400 nm. Therefore, the reaction can be monitored in situ by UV-Vis

spectroscopy, as shown in Figure 3 (a).

During the reaction, the absorption peak of Nip disappears and a new peak caused by
4-aminophenol (Amp) appears at A = 300 nm. The presence of isosbestic points (where all
spectra intersect) shows that only two species with varying concentration are present in
solution (i.e. the reactant and product) and therefore indicate a clean reaction along the direct

route. However, the presence of isosbestic points is, by far, not the norm and often overlooked

44, 52, 97, 98, 99, 100, 101,

in the literature. 10219 Even for catalysts based on the same metal

examples with and without isosbestic points can be found abundantly, **- 74849 33.73. 104, 105, 106,

107, 108
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Figure 3: Reduction of Nip with borohydride. Optical absorption spectra (a) recorded subsequently

during the reduction by platinum nanoparticles and idealised time dependency of the
concentration of Nip and 4-hydroxylaminophenol (b) during the intermediate- (I) and the
stationary state (II) regime. Reprinted with permission; (a) © 2010'7 and (b) © 2014,'”

American Chemical Society.

For the kinetic evaluation, the time dependence of the reactant concentration, shown in Figure

3 (b), can be obtained from the absorption maximum of Nip at A = 400 nm according to

Abs(t)—Abs(t=o) ¢ (t)
Abs(t=0)—Abs(t=00)  c¢p(t=0)’

(1.1)

where Abs(t) is the absorbance at A =400 nm and c,(t) is the reactant (Nip) concentration
at time t. If the reaction is conducted under excess concentration of borohydride relative to
Nip (i.e. cgys > Cyjp) the reaction can be evaluated with pseudo first order kinetics
according to

dCNip
dt

= kappCNip = kl'SCNip’ (1.2)

where the apparent reaction rate constant kg, can be obtained from the slope of the linear
regime (II) in Figure 3 (b). In the early catalytic studies k,p,, was used to compare the
catalytic activity of different catalysts and is still widely used today.*® % !-9% 198110 However,
with this evaluation strategy, the catalytic activity of different catalysts can only be compared
if equal amounts of metal nanoparticles with equal size are applied. To our best knowledge,

Mei et al. were the first who showed that k,,,,, is proportional to the catalytically active metal

app
surface area.”’ For a quantitative comparison/evaluation kapp needs to be normalised to the
catalytically active metal surface area per unit volume of the reaction mixture S to obtain the

surface-normalised reaction rate constant k;.
6
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Figure 3 (b) schematically shows the typical features of the course of the Nip concentration
upon reduction, which can be distinguished in three time regimes. The first regime is the
induction time t, where no reaction takes place, and the reactant concentration remains
constant. The induction time was ascribed to various reasons by different groups and is still
under debate today.''"" ''* After that, the concentration decreases rapidly in an intermediate

regime (I) before a stationary state (I) is achieved.

Based on the pseudo first order kinetic analysis of the stationary state regime (II), Wunder et
al. conducted a study with gold and platinum nanoparticles stabilised in spherical
polyelectrolyte brushes (SPB).'”” As the reaction is heterogeneously catalysed on the metal
surface, a Langmuir-Hinshelwood model has been applied. The reactants (Nip and
borohydride) adsorb at the catalyst surface where the reduction to Amp takes place before the
latter desorbs quickly. The adsorption of the reactants was modelled with Langmuir-

Freundlich adsorption isotherms, and the rate law was obtained as

kp-n S (Kad,NipCNip)n(Kad,BH4CBH4)m (1.3)

_ chip _ k
n m 2
(+(Kaanipcnip) +(KadpHaCBH4) )

dt appCnip = Ki—uSONnipOpna =

where k; _y is the Langmuir-Hinshelwood reaction rate constant, n and m are the Freundlich
exponents and Oy, Opps and Kuq nip, Kaa,pra are the surface coverages and the adsorption
constants of the reactants, respectively. Prerequisite to apply this model is the assumption of
fast diffusion compared to the surface reaction (i.e. the latter determines the kinetics) which
was confirmed by calculation of the second Damkdhler number Dall in a subsequent

study.'"

With equation (1.3) the apparent reaction rates measured against both reactant
concentrations could be fitted successfully. As a result, the adsorption of Nip to the catalyst

surface was found to be much stronger than for borohydride.

Despite the success of the model, it does not provide a complete picture of the kinetics as it
describes only the stationary state regime (II). The model was further advanced by Gu et al. to
directly fit the entire time dependency of the concentration of Nip to account for that.'” The
approach is based on the results of Corma et al. They found that the reduction of nitrobenzene
with hydrogen proceeds only via the direct route on gold catalysts where the reduction from
nitrobenzene to hydroxylamine can be regarded as one (fast) step followed by the slower
reduction to aniline (i.e. the rate-determining step).''* Based on this assumption, the

intermediate regime in Figure 3 (b) could be explained. At the beginning of the reaction, Nip

7
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is first reduced to 4-hydroxylaminophenol (Hx) during the intermediate regime (I). The latter
accumulates and slows down the reaction to the lower reaction rate in the stationary state
regime (II); subsequently, the concentration of 4-hydroxylaminophenol remains
approximately constant up to the end of the reaction. A two-step Langmuir-Hinshelwood
model was developed, and the kinetic data were fitted by numerically solving the coupled

differential equations

n
_denip ka S (KaaNipCNip) KadBHACBHA (1.4)
= . .
at (1+(KaaNipCnip) +KadHxCHx+KadBHACBH4)?
and
n
degy _ denip  dCamp 5Kad,BH4CBH4(ka(Kad,NipCNip) —kaad,HxCHx)
a dt  dt n 20 (1.5)
(1+(KaaNipCip) +KadHxCHx+Kad,BHACBH4)

where cy, and K4y, are the concentration and adsorption constant of the hydroxylamine
intermediate, €4y, 1s the concentration of Amp and k, and k;, are the reaction rate constants

of the first and the second reaction step, respectively.

The kinetic model described above could successfully explain the features of the reaction as
observed on gold and platinum nanoparticles. However, an intermediate regime is not always
present.”> 107 13- 115, 116. 17 18- 19 rpo different results found in the literature even for similar
catalysts show that the coherences regarding kinetics and mechanism of this reaction appear
to be more complicated than it seems at first. Open questions to be answered are whether the
kinetic and mechanistic findings described above can be transferred to other catalyst metals as
well. Associated with this is the question of why isosbestic points are observed in some cases
only. Therefore, additional kinetic studies with other catalyst metals are desirable. Together
with the already existing studies and reviewed in a broader literature context, the picture of

the reduction as a model reaction for noble metal catalysts may be further supplemented.

1.3.2 Model reactions — reduction of hexacyanoferrate(III)

The reduction of hexacyanoferrate(Ill) (HCF) with borohydride has been first investigated by

120, 121

Freund et al. and Bhattacharjee et al. as uncatalysed reaction. Later it was found that the

reduction of HCF with thiosulfate can be catalysed by gold and platinum nanoparticles.'** '**
Based on these findings, Carregal-Romero et al. were the first to investigate the catalysed

reduction with borohydride by citrate stabilised gold nanoparticles.'** The reaction can be
8
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monitored by UV-Vis spectroscopy, as shown in Figure 4 (a).'** The reactant HCF has a
distinct absorption maximum at A = 420 nm, which decreases and leaves a weak absorption
baseline of the product hexacyanoferrate(Il) after completion of the reaction. Therefore, the
time dependence of the reactant concentration can be derived according to equation (1.1)
shown previously. Here Abs(t) is the absorbance at A =420 nm and c,(t) is the HCF
concentration at time t. The isosbestic point at A~ 280 nm indicates that only the reactant and

product are present and thus no undesired side reactions take place.'"”
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Figure 4: Reduction of HCF with borohydride. Optical absorption spectra (a) recorded subsequently

during the reaction and decay of the absorption maximum (b) at 4 = 420 nm throughout the

course of the reaction. Reprinted with permission; © 2010, American Chemical Society.'**

As the catalysed reaction was found to be about four orders of magnitude faster than the
uncatalysed one, the latter can be disregarded for the kinetic evaluation shown in Figure

4 (b)."** 121 12% The reaction was found to follow pseudo first order kinetics with respect to

HCF at excess borohydride concentration according to'** '#°

__dcHcF
dt

= kappCHCF = kyScycr- (1.6)

This shows that the reaction proceeds indeed via surface catalysis as k; is independent of the
applied amount of nanoparticles. With gold nanoparticles (formed by boiling H{Au(Cl)4] in an

aqueous citrate solution) it was found that the redox reaction with the net equation
BH; + 8[Fe(CN)3~] + 3H,0 — H,BO; + 8[Fe(CN)¢™] +8H* (1.7)

proceeds very fast and reaches the diffusion limit of HCF at higher borohydride

concentrations.'** '*° The scheme in Figure 5 shows that the reaction proceeds in two steps
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where the gold nanoparticles separate the reduction and the oxidation steps of the redox
process and thus accelerate the reaction. First, borohydride is oxidised, the gold nanoparticles
serve as a reservoir for electrons and become negatively charged. In a second step one

. . 124
electron is transferred to hexacyanoferrate and reduces it.

. HCF*
BH, - -

Au —_— N _

- HCF*

Figure 5: Scheme of the reduction reaction of hexacyanoferrate(IlI) to hexacyanoferrate(Il) at the surface
of gold nanoparticles by borohydride. The sphere represents a gold nanoparticle which is
negatively charged by borohydride in a first step, followed by the transfer of one electron to

hexacyanoferrate in a second step.

An analysis of the catalytic activity of gold nanoparticles centred inside a spherical polymer
network of thermoresponsive PNIPAM showed the importance of diffusional processes on the
catalytic rate.'* Figure 6 (a) shows that with increasing temperature the observed rate exhibits
similar non-Arrhenius behaviour as observed in the reduction of 4-nitrophenol with
thermoresponsive catalysts.”> " Additionally, it shows that dependent on the density of
crosslinking of the PNIPAM hydrogel with N,N’-methylenebisacrylamide (Bis) the catalytic
activity can be modified. With increasing crosslinking density, the rate is decreasing, and the
thermoresponsive effect is diminished. The reason for that can be seen in Figure 6 (b) which
shows that with increasing crosslinking density the swelling ratio of the PNIPAM hydrogel

. L1125
decreases because the network becomes more rigid.
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Figure 6: Influence of temperature on the apparent reaction rates (£k,,,) (a) and the swelling ratio (b) of

Au@PNIPAM nanoreactors with 7 % (squares), 10 % (circles) and 15 % (triangles)

crosslinking density. Reprinted with permission; © 2010, American Chemical Society.'?

The temperature dependence in Figure 6 (a) was fitted by a two-state model applying a
temperature-dependent equilibrium constant K;o1qpse(T), accounting for the transition
between the swollen (T < LCST) and the collapsed (T > LCST) state of the PNIPAM
hydrogel with a Van ’t Hoff relation. The reaction rates for each state were then modelled by
two rate constants Ky, r(T) following Arrhenius dependencies, and the apparent reaction rate

constant k., was fitted by'®

1

_ Kcollapse(T)
kapp - 1+Kcollapse(T) kapp,T<LCST (T) + 1+Kco”apse(T) kapp,T>LCST (T) (1-8)
In the catalytic studies described above the ionic strength was kept constant.'>* > However, a

significant effect of the ionic strength on the reaction rate was found in the uncatalysed
reduction of HCF with citrate.'”” Investigations of the reaction on gold nanoparticles,
stabilised with differently charged thiol ligands, have further shown that the surface potential
of the catalyst strongly influences the reaction rate.'*® For gold nanoparticles with a positive
surface potential (i.e. attractive interactions between HCF and the catalyst), the reaction rate
was substantially higher than for nanoparticles with a negative surface potential. This shows
that electrostatic effects play a significant role in the catalysed reaction as well. Here, a full
kinetic model accounting for electrostatic effects and diffusional processes would provide
more in-depth insight in the coherences of this reaction and contribute to a more profound

understanding of diffusion-controlled reactions in hydrogels.

11



2.  Objective

In this thesis, two heterogeneously catalysed model reactions are addressed. First, the
frequently used surface controlled reduction of 4-nitrophenol and second, the fast diffusion-
controlled reduction of hexacyanoferrate(Ill). The decisive factors in the kinetic analysis of
diffusion and reaction-controlled reactions are compiled and subsequently exemplified in the
respective kinetic model/analysis. Both reactions are investigated with thermoresponsive
PNIPAM based nanoreactor catalysts to gain detailed insights into the kinetics and the

influence of temperature.

The reaction scheme for 4-nitrophenol shows that more than one reaction route exists. For the
successful application as a model reaction, the reaction must follow the direct route only. A
literature review concerning mechanistic investigations shall clarify whether the reaction
always follows the direct route under different reaction conditions and with different catalyst
metals. Isosbestic points in the UV-Vis spectra, obtained during the reduction, are not always
found. An investigation of their prevalence with a focus on gold and silver catalysts shall
clarify when isosbestic points are present or not and why. The influence of the catalyst metal
and support constituents shall be investigated to draw possible conclusions for the reaction

kinetics and the comparability of kinetic data obtained with different catalysts.

Previous kinetic studies showed that an intermediate regime in the reaction kinetics is found
on gold but not on silver. With a kinetic analysis of the 4-nitrophenol reduction on silver, the
existing picture of the reaction kinetics shall be further supplemented. A model is needed to

describe the kinetics at constant temperature and to investigate the temperature dependence.

A detailed kinetic analysis of the hexacyanoferrate(IIl) reduction on gold shall be conducted
to identify the critical factors of the kinetics in diffusion-controlled reactions in
thermoresponsive hydrogel nanoreactors with particular attention on the influence of ionic
strength and temperature. Based on the results of the kinetic experiments, a new kinetic model
shall be described, accounting for the relevant influence factors of the hydrogel, the
nanoreactor geometry as well as diffusion and electrostatics. The experimental data shall be

described by physically meaningful parameters to allow for an evaluation of their values.



3.  Theory

3.1 Thermoresponsive hydrogels as host for metal nanoparticles

Hydrogels are water containing networks of polymers which provide the possibility to
immobilise metal nanoparticles and prevent their coagulation and precipitation while
maintaining their catalytic activity over long periods.'*”" *° Other than capping agents such as
small ligand molecules, they provide an environment with properties which can differ
significantly from the bulk properties (outside the hydrogel) and thus influence the catalytic

131

activity of nanoparticles. " The relevant factors are the permeability of the hydrogel to

solutes'®® and the influence of the temperature on the network properties elucidated

10, 125, 132
subsequently.'® %13

3.1.1 Permeability

The permeability P of a hydrogel describes the ability of a solute to permeate and diffuse
inside the hydrogel network.'* It is defined as the product of the solute diffusion coefficient

Dy inside the hydrogel and the dimensionless partition coefficient K, 4. The latter is defined

as the ratio of the solute concentration inside the hydrogel cig and the bulk concentration c;

. 126, 134
according to ™

)
C; —
P = KpareDg =Dy = e paGp, (3.1)

where AG is the transfer free energy describing the interaction between solute and hydrogel
and Bt = kgT. Kpare 18 a pure thermodynamic property and D, is a kinetic transport

1 Both quantities are determined by several physical and chemical interactions

property.
which are a result of the specific combination of polymer and solute as well as the hydrogel
structure.”*" '*> The diffusion coefficient inside the gel is usually never higher than the bulk
diffusion coefficient. Physicochemical and frictional influences can be distinguished.
Physicochemical interactions include electrostatic, hydrophobic and specific binding
interactions.'*® Frictional influences comprise the increase in the hydrodynamic resistance and
in the solvent viscosity due to solvent structuring around polymer chains as well as the

increased path length due to obstruction by polymer chains."’” The partition ratio is

determined by size exclusion, electrostatic and hydrophobic interactions."** *> ** While size
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exclusion can only lead to a decrease of cig relative to c;, the other interactions can lead to a
significant increase in cig above the bulk concentration. As a consequence, the permeability

can be higher than the bulk diffusion coefficient in case of a high polymer-solute affinity.

3.1.2 Thermoresponsivity

Thermoresponsive polymers undergo a solubility change upon temperature increase. The
majority of such polymers exhibits an LCST (change from hydrophilic to hydrophobic);
polymers with an upper critical solution temperature (UCST, change from hydrophobic to

hydrophilic) are less abundant.®

For PNIPAM the reason for the solubility change is the presence of hydrophilic amide groups
together with hydrophobic isopropyl groups. The amide groups can form hydrogen bonds
with water, leading to an enthalpy gain while the hydrophobicity of the isopropyl groups leads
to an entropy loss, known as hydrophobic effect. At low temperatures, the enthalpy gain due
to H-bonding exceeds the hydrophobic entropy loss, and the polymer remains solubilised (the
hydrogel is swollen with water). Upon heating above the LCST, the H-bonds are cleaved, and
the adverse entropic situation around the isopropyl groups becomes dominant, causing a phase
separation between polymer and water (the hydrogel collapses and expels water).'>* '4°

As a consequence, both the partition ratio and the diffusion coefficient inside the hydrogel
change, which influences the catalytic activity of embedded nanoparticles, leading to non-

. . 2 4
Arrhenius-like temperature dependence.’ >

3.2 Aspects of kinetic modelling in surface reactions

In order to investigate the kinetics of a reaction, a suitable model is required to describe the
kinetic data. Generally, there are many types of kinetic models with different levels of
complexity, ranging from very simple (macroscopic) models to detailed (microscopic) models
describing the full reaction dynamics. The probably most straightforward approach is to use
the in principle purely empiric power laws which do not require further mechanistic
information and can be applied both in homogeneously and heterogeneously catalysed

reactions, respectively.®

14
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If a more detailed kinetic model is applied in heterogeneous catalysis, a general aspect must
be minded. Heterogeneously catalysed reactions are generally a sequence of at least two
processes, the diffusion of the reactant to the catalyst surface followed by the surface reaction
(including adsorption/desorption processes).' The simplest possible case would be a
catalysed unimolecular reaction where one reactant diffuses from bulk to the catalyst surface
first and then reacts at the surface. In this general case no further details regarding the shape
of the catalyst particle to which diffusion occurs, and the surface reaction mechanism shall be
defined. If we consider the diffusion and the surface reaction as two consecutive reaction

steps (of which the diffusion is reversible) the reaction scheme can be written as'*"> '**

kD ksurf
Ag=A; — P. (3.2)
kp,

Here Ap is the reactant in bulk solution, Ag is the reactant at the catalyst surface, k and kp,
are the rate constants for the diffusion (to and from the catalyst surface), and kg, s is the rate
constant for the surface reaction. The rate equations are then derived as

dCAB
dat

= (kpCay = kpiCag)cnr (3.3)

and

dCAS
dt

= (kDCAB - kDICAS - ksurfCAS)CNR = (kDCAB - (kDI + ksurf)CAs)CNR- (3.4)

Here, the rate expressions need to be multiplied by the catalyst concentration cyg as the rate
constants would otherwise depend on its concentration. Macroscopically usually only the
reactant bulk concentration can be measured while the reactant concentration at the catalyst

surface cannot be obtained. If a stationary state is assumed, i.e. a constant concentration ¢4,

(which can be considered as intermediate of the two reaction steps), according to

deag
pra 0, (3.5
it follows that
_ _kpcag
Cag = —kDI+ksqu. (3.6)
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Therefore, ¢,  can be substituted in equation (3.3) according to

dcy kpca
B __ k B
- = Cp, — kyr——=]c
o ( pCap ~ Kp' ¢ NR

D’+k5urf
=k (1—L)c cyr =k (M>c c 3.7)
D Kor+lesary) CABENR = KD (0 ) CapCnR- i

and the overall reaction rate constant k;,, can be expressed as

kp ksurf
kiop = ————. 3.8
tot kpr+ksyrf ( )
This corresponds to the rate constant as derived for a classic two-step reaction where a
stationary state is assumed for the intermediate.'*' As in the present case the first reaction step
describes diffusion, it is clear that k, = kp, (diffusion will always equilibrate concentration

gradients by time if undisturbed) and equation (3.8) can be written as
kiot = kp' + kgbs. (3.9)

This is the classic expression for the total reaction rate in catalysed unimolecular reactions.'®

126. 143 Equation (3.9) shows that if one of the two processes is much faster than the other, the

reaction kinetics will be determined by the slower process.

This can be estimated with the second Damkohler number Dall, which states the ratio

between the mass transfer rate (diffusion through a stagnant film over a catalyst particle) and

11, 144

the chemical reaction rate. The latter means the real surface reaction rate without any

. . . . . 144
mass transfer limitations. The second Damkoéhler number is given as

Kyl f ti t kyclh 15

#Cio surface reaction rate #Cio

Dall = ;2 = ——— = — (3.10)
%Ci,o dif fusion rate D;S

where n* is the order of the reaction, ks is the nth order (apparent) reaction rate constant, Cio
is the initial reactant concentration, D; is the diffusion coefficient of the reactant, S is the
surface area of the catalyst per unit volume and § is the thickness of the stagnant film over
which film diffusion occurs. If Dall < 1, the reaction kinetics is governed by the surface
reaction mechanism, and if Dall > 1, the slower diffusion determines the kinetics. The

knowledge about the relative rates of diffusion and surface reaction is the prerequisite to

16
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know how a kinetic model is to be set up to describe the kinetics of a heterogeneous reaction

in more detail. The essential aspects for both cases are elucidated in the following.

3.2.1 Reaction-controlled kinetics

If the diffusion is much faster than the surface reaction, the kinetics are determined by the
latter. A surface reaction is described by three consecutive steps.' Adsorption of the reactants,
reaction on the catalyst surface and desorption of the reaction product. Usually, sorption
processes are assumed to be much faster than the surface reaction and are therefore in

e 144
equilibrium.®

However, as every substance has an individual adsorption-desorption
equilibrium, the relative concentrations of the reactants on the surface are not necessarily the
same as in solution. Therefore, both, the sorption processes as well as the surface reaction are

relevant for the reaction kinetics.

3.2.1.1 Adsorption isotherms

The sorption equilibrium on an ideal surface can be described by the Langmuir adsorption
isotherm.' Here, each surface site can adsorb only one molecule; the adsorption energy is
equal for all adsorption sites and independent of the surface coverage. The rates 1,4 and 74,

for adsorption and desorption are given as
Taa = Kaa€i(1—0;) and 714, = kge0,, (3.11)

where k,; and kg, are the rate constants for ad- and desorption, c; is the concentration in
solution and 6; is the normalised surface coverage. In equilibrium the rates of both processes

are equal, hence
kaaci(1 = 6;) = kqe0;. (3.12)
Therefore, the coverage can be expressed as

91’ _ __kaaci _  KaacCi (313)

- kaacitkge - 1+KadCi’

giving the classical Langmuir isotherm where the adsorption constant is defined as
Kuq = kaa/kge. To account for a distribution of adsorption energies due to the heterogeneity

of the catalyst surface, a Langmuir-Freundlich adsorption isotherm'*®

17
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_ (Kgac)"
1+(Kggc)m

0; (3.14)
can be applied instead.'”” '*® The Freundlich exponent 0 < n < 1 accounts for a distribution
of adsorption energies similar to a Gaussian distribution where smaller values of n represent a
wider energy distribution.'*” '** For n = 1 all adsorption energies are equal, and the classic

Langmuir isotherm is restored.

3.2.1.2 Langmuir-Hinshelwood mechanism

Surface catalysed bimolecular reactions where both reactants adsorb on the catalyst surface

144, 149

are described by the Langmuir-Hinshelwood mechanism. The elementary steps for a

. . 1
bimolecular reaction on the surface are

kL—H
A+B+2+2Ax+B*x — Pxytx=P +2x, (3.15)

where A and B are the reactants in solution, A * and B * are the adsorbed reactants, P *, is the
adsorbed product, P is the product in solution, and * denotes free adsorption sites. The first
step 1s the adsorption equilibrium for the reactants, the second step is the surface reaction, and
the third step is the desorption equilibrium of the product. In the classic Langmuir-
Hinshelwood kinetics, a weak product adsorption is assumed and therefore disregarded in the
adsorption equilibria of the reactants.'”® As all sorption processes are assumed to be in
equilibrium, the surface concentration of the product is approximately zero (due to its weak

1, 144
d.”

adsorption), and the reverse reaction can be disregarde With these prerequisites, and

assuming Langmuir adsorption isotherms for both reactants, the reaction rate can be expressed

150
as

_d& = SkL—HHABB - SkL—H Kad,ACAKad,BCB (316)

29
at (1+Kqa,aca+KaaBCB)

where 04, 0p and K,; 4, Kyqp are the surface coverages and adsorption constants of the

reactants, respectively. If the adsorption energies are not equal for all adsorption sites,

Freundlich adsorption isotherms can be used instead, and equation (3.16) is obtained as'*” ''?
_ddL: = SkL—HHAHB = SkL—H (Kad,ACA) (Kad,BCB) (317)

Z-
(1+(Kad,ACA)n+(Kad,BCB)m)
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3.2.2 Diffusion-controlled Kinetics

If the surface reaction of a heterogeneous reaction is faster than the diffusion of reactants to
the catalyst, the reaction kinetics will be determined by diffusion. The diffusion rate to a

spherical catalyst particle can be described by the classic Smoluchowski equation'’

Tsy = ksyNacyrCi = 4mDorypNyChRC, (3.13)

where kg, = 4nDyryp is the Smoluchowski diffusion rate constant, Dy is the bulk diffusion
coefficient of the reactant, cyy is the concentration of the catalyst, and c; is the concentration
of the reactant (i.e. the diffusing solute). Equation (3.18) describes the simplest case of a
single spherical particle of radius ryp and undisturbed reactant diffusion (i.e. no hydrogel
shell). However, in hydrogel supported catalyst systems, the situation is more complicated. As
shown in chapter 3.1.1, the permeability of hydrogels to solutes usually differs from the bulk

diffusion coefficient, and often many catalyst particles are supported in one carrier particle.

3.2.2.1 Geometric aspects of nanoreactors

The diffusion rate for supported catalyst particles is generally determined by the geometry of
the system. For hydrogel supported metal nanoparticles, two typical configurations are found
regularly.'® Figure 7 (a) depicts systems where one catalytically active nanoparticle is centred
inside a spherical hydrogel, and Figure 7 (b) shows systems where multiple nanoparticles are

randomly distributed within the hydrogel.
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Figure 7: Typical configurations of nanoreactors comprising of catalytically active metal nanoparticle(s)

(orange) and a (thermoresponsive) hydrogel shell (blue). One metal nanoparticle embedded in a
spherical hydrogel (a) and multiple nanoparticles distributed randomly inside a hydrogel (b)
which optionally comprises an inert core (grey). The presence of a gap between core and shell

in (a) is optional as well (Rcore < Rgap)-

For both configurations expressions for the diffusion rate were derived, accounting for the

geometry of the system as well as the diffusive properties of the hydrogel.'** '** For the
configuration shown in Figure 7 (a), the diffusion rate constant is derived as'*®
D R R -1
— 0 core core
Kp.(a) = 47D R coreNa [1 +(2-1) (Rg—ap - m)] . (3.19)

Equation (3.19) is applicable for yolk-shell nanoreactors with (Reore < Rgqp) as well as core-

shell nanoreactors without (R.ore = Ryap) @ gap between core and shell.

For the setup shown in Figure 7 (b) the diffusion rate constant is derived as'**

_ rnpNypP\] 1
kD,(b) —_ 4‘T[PTNPNNPNA [1 + (m)] s (3.20)
where Nyp i1s the number of metal nanoparticles in the hydrogel. It should be noted that
equation (3.20) does not contain the size of the inert core. It was shown that for small to
moderate core sizes (R.ore S 0.35 Rspep) and small metal nanoparticles (ryp < Rgperr), the

size of the inert core has only negligible influence on the diffusion rate.
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3.2.2.2 Influence of electrostatic effects

In many chemical reactions, reactants and products are charged, causing a significant effect
on the diffusion of both.'" ** In simulations it could be shown that if both, reactant and
product are equally charged and repel each other, the concentration of the reactant in the
vicinity of the catalyst surface is decreased, leading to a lower reaction rate at the catalyst
surface.'”® The decisive factor for the strength of electrostatic effects is the ionic strength I (r)
of the reaction medium, which determines the range of electrostatic forces before they are

screened. This screening length, known as the Debye length A, (r) is given as'>*

- ’ +kBT
AD(T‘) =K 1(T) = 2‘;:\(]):62?(1”)’ (321)

where k(r) is the inverse screening length. An increase in the ionic strength reduces the
screening length, and therefore the range of electrostatic repulsion. This can, in turn, reduce
the electrostatic repulsion and lead to a significant increase in the diffusion and thus the

. 155
reaction rate.
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4. Results and Discussion

4.1 Synthesis and characterisation of nanoreactors

For all catalytic measurements nanoreactors with a polystyrene (PS) core and a
thermoresponsive poly-N-isopropylacrylamide (PNIPAM) hydrogel shell, containing either
gold or silver nanoparticles, were used. Two batches of nanoreactors were synthesised, one
batch with silver nanoparticles inside the PNIPAM shell was used in the kinetic study of the
4-nitrophenol reduction (henceforth termed as Ag@PS-PNIPAM catalyst), and another batch
with gold nanoparticles was used in the kinetic study of the hexacyanoferrate(Ill) reduction

(termed as Au@PS-PNIPAM catalyst).

The nanoreactors were prepared in 3 (4) steps as described previously.'** *° The steps include
preparation of the PS core, growth of the PS core (where necessary), preparation of the
PNIPAM shell and the formation of metal nanoparticles by reduction of either AgNO; or
H[AuCl4] by NaBHy, inside the hydrogel shell. Silver nanoparticles were prepared inside core-
shell nanoreactors, containing a PS core with a negative zeta potential ... Here, sodium
dodecylsulfate (SDS) was applied as surfactant, and the PS core could be prepared in a single
step. Gold nanoparticles were prepared inside nanoreactors, containing a PS core with a
positive zeta potential. Here, hexadecyltrimethylammonium bromide (CTAB) was applied as
surfactant during the preparation of the PS core, which required an additional growth step.
The hydrogel shell was crosslinked with a molar fraction of 2.5% NN’-
methylenebisacrylamide (Bis) with respect to NIPAM for both catalysts. After each step, the
particles were cleaned, either by dialysis (core synthesis) or ultrafiltration, the solid content
was determined, and the size was measured via dynamic light scattering (DLS). The details of
the nanoreactor syntheses are described in chapters 6.2.2.2 to 6.2.2.5. The metal fraction f,,, of
the readily prepared nanoreactors was measured via thermogravimetric analysis (TGA) and
the size of the metal nanoparticles was determined graphically with cryogenic transmission
electron microscopy (cryo-TEM) images. About 400 particles were measured and averaged to
obtain the mean metal nanoparticle radius ryp. The molar mass was calculated as described in
chapter 6.3.6. The hydrodynamic radii 7y .oy and the zeta potentials {.,., of the PS core
particles, the metal fractions f,,,, the mean metal nanoparticle radii 7yp, and the molar masses
of the readily prepared nanoreactors (including metal nanoparticles) MW,,, for both

nanoreactor batches are given in Table 1.
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Table 1: Results of the characterisation of the nanoreactors with silver and gold, respectively.
parameter Ag@PS-PNIPAM Au@PS-PNIPAM

30 (after first synth. step)
THcore /M >3 71 (after growth process)
Ceore / mV -52.3 + 60.7 (after growth process)
fm /1] 0.099 0.034
Tnp / nm 2.8+1.2 1.6+ 0.5
MW,,, /gmol’ 5.11*%10° 1.69*10°

Figure 8 (a) and (b) show the cryo-TEM images, obtained with the two batches of catalysts.
The images show the PS core as big dark spheres, surrounded by the silver (a) and gold (b)
nanoparticles, which are predominantly located close to the PS core. For both catalyst
batches, the PNIPAM shell is only weakly visible around the PS core because the hydrogel
shell swollen with water gives only a very weak contrast in the images, which is difficult to be
distinguished by our cryo-TEM instrument without energy filter. However, the existence of a
thermoresponsive shell is undoubted, as disclosed by the measurements of the hydrodynamic
radii against temperature in Figure 8 (c) and (d). Here, a clear trend can be observed, both,
with and without the metal nanoparticles inside the shell. Both particle batches show the
expected trend where the hydrodynamic radius shrinks from its size at low temperatures to
about 50 to 60% of that size at high temperatures. The steepest change in size occurs around
the LCST of T =32°C for PNIPAM where the polymer changes from hydrophilic to
hydrophobic, expels water and collapses. The observed trends are in accordance with previous

72, 119, 132

results. Figure 8 (¢) and (f) show the obtained size distributions for the metal

nanoparticles.
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Characterisation of nanoreactors used for kinetic studies. Cryo-TEM images (a) and (b) of the
core-shell nanoreactors with metal nanoparticles in the shell, hydrodynamic radii ry (c) and (d)
of the core-shell nanoreactors before (black) and after (red) the immobilisation of metal
nanoparticles measured between 10 and 50 °C and histograms (e) and (f) of the metal
nanoparticles determined from cryo-TEM images. Shown are the results for Ag@PS-PNIPAM
nanoreactors (a), (c) and (e) and for Au@PS-PNIPAM nanoreactors (b), (d) and (f).
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4.2 Reduction of nitroarenes — literature survey

Herein an overview of mechanistic and kinetic studies on the reduction of nitroarenes shall be
given. Particular attention is given to the existence of isosbestic points in the UV-Vis spectra
recorded during the reduction on gold and silver catalysts. Together with mechanistic
investigations, a possible explanation for the differences between catalytic studies is
elaborated. Additionally, the results of different groups concerning catalytic performance are

compared, and kinetic studies with thermoresponsive catalysts are highlighted.

4.2.1 Reaction mechanism

Among the vast amount of metal-based catalysts that have been developed and applied for the
reduction of nitroarenes throughout the last decades, literature concerning the mechanistic
aspects of this reaction is less abundant. An overview of all mechanistic investigations
addressed in the following is shown in Table 2. This summary addresses the work of
approximately the last three decades, a summary of earlier work back to 1941 can be found in

the work of Wisniak et al.'’

Table 2: Overview of mechanistic investigations; applied catalyst, solvent and reducing agent.
solvent | water | ethanol methanol other
red. agent
pd/C"* pd/C'®! Au' (toluene-xylene)
H, 159 Raney-Ni”° Raney-Ni'"’
Ni'® pt'® (without solvent)
Aul®
NaBH4 Ag164
NH,O0CH Au'®
H;NBH; Au'®
N2H4 Aul o7
Fe Fe'®®

Gold catalysts

Corma et al. published the probably most acknowledged mechanistic study with gold-based

catalysts in 2007.'"*

The reduction of nitrobenzene and nitrostyrene with hydrogen (9 bar) in a
toluene-xylene mixture at T = 110 °C was investigated with a TiO, supported gold catalyst.
Through in situ infrared spectroscopy (FTIR) analysis of batch reaction experiments

nitrosobenzene, phenylhydroxylamine (as surface species) and aniline were detected but no
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intermediates of the condensation route. Through experiments applying the intermediates as
substrate, it could be concluded that the reaction takes place only via the direct route of the
Haber mechanism. When nitrosobenzene was used as a reactant, the rate of
phenylhydroxylamine formation was lower than with nitrobenzene. This lead to the
conclusion that phenylhydroxylamine is produced via nitrosobenzene and in a parallel fast
step reaction directly from nitrobenzene. From the accumulation of phenylhydroxylamine on
the catalyst surface, it was concluded that the reduction of the latter to aniline is the rate-

determining step.

In 2011, Lou et al. investigated the reduction of various nitroarenes, partly with other
reducible substituents, under ambient conditions in ethanol and acetonitrile, respectively.165
As catalyst, gold nanoparticles on TiO, were used, and ammonium formate was applied as
reducing agent. For mechanistic insight, the intermediates nitrosobenzene, azobenzene and
hydrazobenzene, were applied as substrate while conversion and product selectivity were
monitored by gas chromatography (GC). Because the yield of aniline was in all three cases
below 15%, it was concluded that the reaction occurs mainly via the fast step route proposed

by Corma et al.'™*

In 2012, Layek et al. conducted similar investigations in water, applying a MgO supported
gold catalyst and NaBH, as reducing agent.'® Nitrosobenzene and azobenzene were reduced
separately. For azobenzene, thin layer chromatography (TLC) revealed no product formation
within 45 minutes while for nitrosobenzene, about 70% of aniline was formed within the same
time. After that, no nitrosobenzene was detected anymore; instead, a decreasing amount of
phenylhydroxylamine was present, yielding more aniline. It was concluded that the reaction
follows the direct route of the Haber mechanism with the reduction from hydroxylamine to
aniline being the rate-determining step. To our best knowledge, this is to date the only
mechanistic investigation of an aqueous, gold catalysed system applying borohydride as

reducing agent.

In 2013 groups conducted mechanistic investigations in cooperation. Both groups applied

TiO; supported gold catalysts in ethanol and monitored the reaction via TLC.

Vasilikogiannaki et al. used ammonia borane as reducing agent to investigate the reduction of
various nitroarenes, partly containing other reducible substituents.'®® At T =25°C all
derivatives could be reduced to the respective amino compound within 15 to 90 minutes with
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yields over 80%. For mechanistic insight, nitrosobenzene and azoxybenzene were applied as
substrate, yielding hydrazobenzene almost quantitatively without the subsequent formation of
aniline. Hence it was concluded that nitrosobenzene cannot be an intermediate and the

mechanism follows the fast step proposed by Corma et al.'"

Gkizis et al. used hydrazine as reducing agent.'®’

With a minimum amount of four equivalents
necessary to provide quantitative reaction, the amine derivatives were obtained in yields over
80% within one to 48 hours at T = 60 °C. Investigating the reactions of the different
derivatives revealed that the only detectable intermediates were arylhydroxylamines. These
intermediates were not detected for nitroarenes with electron-donating groups at the para-
position. Further, it was noticed that nitrosobenzene is rapidly reduced to aniline without any
catalyst. A condensation route mechanism was excluded as azo- and azoxybenzene were
reduced to aniline very slowly. It was concluded that the reaction follows one of two possible
pathways. If electron donating-groups are present at the para-position, the nitroso intermediate
may be formed and rapidly reduced to the amine by hydrazine. Without electron-donating

groups, the reaction follows the fast step route proposed by Corma et al.'

Pd-C catalysts

Makaryan et al. conducted the earliest mechanistic investigation on Pd-C. in 1993."® By GC,
polarography, and monitoring of the hydrogen consumption rate, it was found that the
reduction rate of nitroarenes was proportional to the hydrogen pressure while the rate of
arylhydroxylamine reduction was independent. Thus, the reaction is suggested to follow the

disproportionation mechanism in Figure 2.

In 2004, Gelder et al. investigated the reduction of nitrobenzene and nitrosobenzene in
methanol, respectively.161 To investigate the kinetic isotope effect, they applied hydrogen and
deuterium (3 bar) as reductant at T =50 °C, respectively. The reaction mixture was
investigated via gas chromatography-mass spectrometry (GC-MS) and by monitoring the
hydrogen and deuterium uptake. For the hydrogenation of nitrobenzene a much faster reaction
with hydrogen than with deuterium was found. When applying nitrosobenzene as reactant
there was no isotope effect for the first 20 minutes and an inverse effect for longer reaction
times. The reaction profile of nitrosobenzene shows that its initial product is azoxybenzene
which is subsequently converted to aniline at a much lower rate than the aniline formation
from nitrobenzene. After a detailed analysis, a new mechanism was proposed in which an
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adsorbed surface intermediate phenyl-NOH(ads) is proposed. Nitrobenzene yields aniline via
this surface intermediate and phenylhydroxylamine on a direct route. In contrast,
nitrosobenzene yields aniline through a condensation-type route where two surface
intermediates form azoxybenzene. Similar results were obtained using Raney nickel as

catalyst.

In 2006 Visentin et al. investigated the reduction in ethanol with hydrogen (13 bar) between
T =35 and 60 °C." The reaction order was found to be approximately zero with respect to
nitrobenzene while no accumulation of phenylhydroxylamine was found. For ethyl-4-
nitrobenzoate accumulation of the hydroxylamine intermediate to more than 50% of the initial
concentration was observed. It is concluded that the arylhydroxylamine accumulation is

amplified by electron-withdrawing substituents which stabilise it.

Nickel catalysts

In 1984 Wisniak et al. investigated the reduction of pure nitrobenzene with hydrogen (5 to

1.7 Experiments were carried out at T = 100 to 210 °C, and samples

50 bar) on Raney nicke
were taken time-dependent. With GC and nuclear magnetic resonance spectroscopy (NMR),
azobenzene and azoxybenzene were detected. Interestingly, a completely different pressure
dependency was found for T = 150 and 170 °C, respectively. In order to find a kinetic model,
eight different models (based on the reaction scheme proposed by Debus and Jungers in
1959'%), applying different combinations of possible reaction routes, were tested without

SucCcCess.

In 2010 Wang et al. investigated the reduction of nitrobenzene with hydrogen (5 to 30 bar) in
ethanol at T = 70 to 90 °C with nickel on nanosized silica gel.'®® The batch reactions were
analysed by GC at different stages of the reaction. As intermediates, nitrosobenzene and
azoxybenzene, but no phenylhydroxylamine was detected. The concentration-time
dependencies disclosed that after 90% nitrobenzene is consumed, the rate of aniline formation
increased. This was addressed to an inhibition of the reduction of azoxybenzene to aniline by

the stronger adsorbed nitrobenzene.

In 2000 Studer et al. investigated the effect of vanadium-based promoters on the
arylhydroxylamine accumulation during the reduction of electron-deficient nitroarene

derivatives on Raney nickel.”® Experiments were carried out in methanol at T = 35 °C, using

28



Results and Discussion

hydrogen as reductant (1.1 bar) and monitored via GC, HPLC and NMR. With unmodified
Raney nickel, arylhydroxylamines accumulated up to 80% of the initial substrate
concentration. Vanadium promoters usually decreased the arylhydroxylamine accumulation,
accompanied by a decrease in the reaction rate. In a previous study, the effect of different
metal salts on the decomposition of arylhydroxylamine derivatives was investigated.” Based
on this study, it was assumed that the vanadium promoters catalyse the disproportionation of
arylhydroxylamines. With the pure nickel catalyst, an acceleration of the amine production

similar to the observations of Wang et al. was observed at high conversions of the reactant.

Platinum catalyst

In 1987 Karwa et al. investigated the reduction of nitrobenzene in methanol and other solvents
with and without DMSO in order to investigate the accumulation of arylhydroxylamine.'®
Reactions were carried out at T =40 to 60 °C with a Pt-C catalyst, applying hydrogen as
reductant (7 to 21 bar), and analysed by HPLC. A significant effect of the nature of the solvent
on the accumulation of the only intermediate, phenylhydroxylamine, was found upon
investigating different solvents. Investigations in methanol/DMSO confirmed the results of
Rylander et al. who found that the addition of DMSO enhances the accumulation of
phenylhydroxylamine.'” An increase in the rate of aniline formation after nitrobenzene is
consumed was observed only with DMSO. Contrary to the findings of Makaryan et al., an
increase in hydrogen pressure lead to a general increase in the reaction rate. Applying
derivatives with electron-donating moieties lead to both, an increase in the reaction rate and of
the maximum accumulation of hydroxylamine. Changing the initial nitrobenzene
concentration (while retaining the initial nitrobenzene to catalyst ratio) showed no effect on
the hydroxylamine formation rate before nitrobenzene is used up. Subsequently, a higher
initial nitrobenzene concentration resulted in a higher phenylhydroxylamine reduction rate to
aniline. Based on this finding, a new reaction mechanism is proposed. First, nitrobenzene
yields phenylhydroxylamine and aniline in two parallel reactions until the reactant is used up.
Subsequently, phenylhydroxylamine is converted to aniline, which is inhibited by

nitrobenzene.

Silver catalyst

In 2015 Li et al. investigated the reduction of nitrobenzene with NaBH,4 in aqueous solution

164

under ambient conditions. > The applied nanoporous silver catalyst was obtained by
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dealloying Al;Ag with NaOH (10%). By GC-MS nitrosobenzene was found as the only
intermediate and the reaction was concluded to follow the direct route with the reduction of

nitrobenzene to nitrosobenzene being the rate-determining step.

Combined catalyst/reducing agent iron

In 1996 Agrawal et al. investigated the reduction of nitrobenzene by iron in aqueous
bicarbonate buffer solution.'® Here iron was applied as the catalyst and reductant at the same
time. Monitoring the reaction via HPLC and UV-Vis, nitrosobenzene was found as the only
detectable intermediate besides the reactant and product. A dip in the overall mass balance of
these three compounds was found, which was ascribed to another intermediate, corresponding
to an unidentified HPLC peak which could be phenylhydroxylamine. Investigations of the

influence of the pH revealed no aniline production at pH < 5.

Summary

Despite the differences between the respective systems which are compared, all groups agree
that the reaction proceeds via a Langmuir-Hinshelwood reaction mechanism. Though not

always directly mentioned, no inconsistencies were found.

With gold and silver catalysts, the only detectable intermediates were nitrosoarenes and
arylhydroxylamines while on nickel, azo- and azoxyarenes were detected as well. On
palladium and platinum catalysts arylhydroxylamines were detected as the only intermediates.
The investigation of iron provides evidence for a direct route mechanism as well;

nitrosobenzene was detected, and evidence for phenylhydroxylamine was found.

All studies which investigated the intermediates could either find proof for nitrosoarene- or
arylhydroxylamine intermediates in solution. Especially the works of Gkizis et al., Visentin et
al. and Studer et al. provide evidence that arylhydroxylamine derivatives are more likely to
occur for electron-deficient derivatives. In contrast, the presence of electron-donating groups
seems to stabilise the nitroso intermediate through mesomeric dislocation. Contrary to that,
Karwa et al. found arylhydroxylamines as the only intermediates for the reduction of
nitroarene derivatives with electron-donating groups on platinum. Corma et al. were the only

group to detect both intermediates of the direct route.
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Overall, the precise mechanism seems to be highly dependent on the substrate substituent(s),
the catalyst metal, the reducing agent, temperature, pressure, pH, and the solvent. Evidence
for direct route type mechanisms prevails in most works but especially for the metals of the
nickel group additional evidence for a condensation type mechanism, decreasing with
increasing period of the catalyst metal, was found. Consequently, the validity of any given

mechanism is presumably confined to a distinct system and range of reaction conditions.
4.2.2 Isosbestic points

Regarding kinetic studies of the reduction of 4-nitrophenol (Nip) literature is abundant and
can hardly be overlooked. Table 17 to Table 19 in chapter 7.1 give an overview of kinetic
studies of the aqueous reduction with borohydride on gold and silver catalysts as well as on
other metals, mixed metal and alloy catalysts, respectively. Listed are catalysts with highly
diverse architectures stabilised by dendrimers, micelles, microgels, yolk-shell structures,
solid, hollow or porous microspheres or -cubes, spherical polyelectrolyte brush particles,
nanofibers, -tubes and -sheets, particles stabilised by small molecule or polymer ligands, on
inorganic supports as well as support free catalysts. The tables indicate the particular
reference, the support constituents and a brief description of the architecture, size and shape
of the active metal catalyst particles, the reaction temperature and the derived kinetic constant.

The latter is given in several different forms such as k ky or kp,o;; an explanation of the

app»

respective meaning can be found in chapter 7.1.

Furthermore, the existence of isosbestic points in the UV-Vis spectra recorded during the
reduction is listed. Therefore, the tables include only catalysts where the UV-Vis spectra are
graphically depicted in the reference, and allow for verification. As explained in chapter 1.3.1,
when isosbestic points are present the reactant Nip and the final product 4-aminophenol
(Amp) should be the only species present in solution at varying concentrations and all criteria
for a model reaction are fulfilled. An evaluation of the prevalence at which isosbestic points
are present shall be given in the following. Here, particular emphasis is placed on the
comparison of gold- and silver-based catalysts and possible reasons for the presence or

absence of isosbestic points.

Before addressing the different catalyst metals in more detail, the different characteristic
appearances found repeatedly for the UV-Vis spectra recorded during the reduction with gold
and silver catalysts are elucidated.
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Figure 9: Typical UV-Vis spectra obtained with gold catalysts with two isosbestic points around the

aminophenol peak ((a) and (b)), an increase in the aminophenol peak followed by a decrease
(¢) and absorption at A > 500 nm (d). Reprinted with permission; (a) © 2014 The Royal
Society of Chemistry,'”" (b) © 2013 American Chemical Society,” (c) © 2015 Springer
Nature’’ and (d) © The Royal Society of Chemistry.'®

Figure 9 (a) shows the spectra obtained during the reduction with gold nanoparticles stabilised
by magnetic Fe,O3; nanoparticles covered with carboxylated cellulose. Two clear isosbestic
points are discernible left and right to the Amp peak at A = 300 nm, and the increase of the
latter corresponds to the decrease in the Nip peak at A = 400 nm. Figure 9 (b) shows the
spectra obtained with gold nanoparticles stabilised inside double hydrophilic block copolymer
(DHBC) micelles of poly(ethyleneglycol)-b-poly(acrylic acid) (PEG-b-PAA). Again two
isosbestic points are discernible around the Amp peak. However, the increase of the latter
does not correspond to the decrease of the Nip peak. After the first spectrum, the Amp peak
already reaches approximately its maximum and subsequently does not change significantly
while the Nip peak is still decreasing. Figure 9 (¢) shows the spectra obtained with gold

nanoparticles immobilised in spherical polymer brushes of poly-2-(dimethylamino) ethyl
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methacrylate (PDMAEMA) grafted to hollow spheres of poly-2-(1-methylimidazolium-3-yl)
ethyl methacrylate chloride (PMIMC). Here the Amp peak increases first and then decreases
again. Figure 9 (d) shows the spectra obtained with gold nanoparticles stabilised by 1,2,3-
triazole-polyethyleneglycol monomethyl ether ligands. The spectra are fluctuating at the
wavelengths around the aminophenol peak where isosbestic points are typically expected. At
the same time, the spectra show a slight absorbance at A > 500 nm, visible after the first
spectrum. Absorbance in this wavelength region is typically caused by larger aromatic
systems than those of Nip. This indicates that the reaction is at least partially following a

condensation route mechanism (the intermediates of which would explain such absorption).
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Figure 10: Typical UV-Vis spectra obtained with silver catalysts with two isosbestic points around the

aminophenol peak (a) and an increase in the aminophenol peak followed by a decrease (b).
Reprinted with permission; (a) © 2017 The Research Center for Eco-Environmental Sciences,

Chinese Academy of Sciences. Published by Elsevier B.V.'”? and (b) © 2017 Elsevier B.V.*

Figure 10 (a) shows the spectra recorded during the reduction with silver nanoparticles
embedded in a copolymer hydrogel comprising of poly-N-isopropylacrylamide,
2-hydroxyethyl methacrylate and acrylic acid (P(NIPAM-HEMA-AACc)). Figure 10 (b) shows
the spectra obtained with silver nanoparticles stabilised by nitrolotriacetic acid. Here, the
spectra in Figure 10 (a) and (b) display the same features as those obtained with gold catalysts
shown in Figure 9 (a) and (c), respectively. The characteristic appearances showed above
cover over 70% of all kinetic studies listed in chapter 7.1 and show that despite the diverse
catalyst architectures, most systems display a limited number of features in the

UV-Vis spectra upon Nip reduction.
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Gold catalysts

In total, 70 independent catalysts were reviewed and listed in Table 17. 31 catalysts were
found to display isosbestic points in the UV-Vis spectra, 32 did not show such points, and for
seven catalysts it was not clear. Thus, 49% of the catalysts where a clear decision was
possible, display isosbestic points. Considering the support type, a conspicuous amount of
67% of the catalysts where inorganic materials (predominantly metal oxides or metal ions) are
part of the support or involved in the preparation show isosbestic points. Contrary to that only
35% of the catalysts which are stabilised by pure organic (predominantly polymeric supports)
show isosbestic points. Considering only those catalysts on organic support which show
isosbestic points, in 55% of the cases carboxylic groups are involved. This shows a tendency
that isosbestic points are more likely to be found with inorganic supports or more general in

the presence of oxygen species; however, more precise indications were not found.

Silver catalysts

For silver, 57 independent catalysts were reviewed and listed in Table 18. Here, 41 catalysts
showed isosbestic points while only for ten catalysts, no isosbestic points were discernible,
and in six cases it was unclear. This yields isosbestic points in 80% of the cases and shows
that on silver catalysts it is far more likely for the reduction to run cleanly than on gold.
However, as only ten catalysts of diverse architectures did not show isosbestic points, no

common indication could be found.

Other metal catalysts

Another 28 catalysts which apply other metals, mixed metals or alloys were reviewed and
listed in Table 19. In 14 cases isosbestic points were present, in 12 cases no isosbestic points
were discernible, and for two catalysts it was unclear. Here no indications concerning
isosbestic points can be found as only 28 examples, comprising catalysts based on five
different single metals and six different bimetallic catalysts, were reviewed. However, it can
be said that on average 54% of the catalysts show isosbestic points, which lies between the

results for gold and silver catalysts.

In accordance with chapter 4.2.1, the results show that the kinetics seem to be highly sensitive
to the reaction conditions and catalyst metal as well. As shown by the following examples, the

statement here needs to be extended, including the support. Ciganda et al. prepared two gold
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catalysts, bot stabilised by thiolated PEG ligands of different molar weight.49 With SH-PEGss
no isosbestic points are visible, contrary to nanoparticles stabilised with SH-PEGjg.
Fedorczyk et al. synthesised gold nanoparticles embedded in a macroscopic film of poly-1,8-
diaminocarbazole and applied it for Nip reduction in successive experiments.'” Isosbestic
points were not present during the first catalytic run but appeared when the catalyst was
reused. Biondi et al. investigated the Nip reduction with gold nanoparticles stabilised by a
polyelectrolyte containing imidazolium groups at different concentration ratios of the catalyst
particles to Nip.'”™ While the UV-Vis spectra obtained at a ratio of 1:70 did not show
isosbestic points, they were present if the reaction was recorded at a ratio of 1:140. Xiong et
al. prepared catalysts stabilised on magnetic Fe;O4 nanoparticles coated with a shell of
carboxylated cellulose loaded with different amounts of gold."”" The obtained catalysts had
gold nanoparticle sizes of 14.3, 24.1 and 38.3 nm, respectively. Only the UV-Vis spectra
obtained with the particle batch of the largest gold nanoparticles showed isosbestic points.
Similar behaviour was observed by Das et al. who synthesised silver nanoparticles stabilised

175 Five batches

on polydopamine coated hydroxylapatite particles with a rod-like geometry.
were synthesised with 1, 2, 3, 4 and 5% of AgNOs, respectively. Here all batches of catalyst
showed isosbestic points except the batch prepared with the lowest amount of AgNO;. These
examples demonstrate that even minor changes in the synthesis, the stabiliser architecture, or
even the experimental conditions of the kinetic measurements can influence the reaction

enough to cause visible differences in the appearance of UV-Vis spectra obtained during the

reaction.

It needs to be mentioned that the results above cannot give unambiguous indications of when
isosbestic points exist. The investigated systems are very diverse, and it is problematic to find
enough examples of a similar catalyst type for a meaningful basis of argumentation. Besides
that, experimental details are stated only briefly and incomplete in many cases, leaving doubts
about the quality of the works. For less than half of the 155 investigated catalysts, oxygen is
removed from the reaction mixture prior to catalytic measurements, and for 25% of the
catalysts, the temperature at which kinetic measurements were conducted is not given. For
only 19% of the catalysts, a surface-normalised rate constant is given. In 12% of the cases, a
rate constant normalised to mass or molar amount of catalyst is given, and another 8% state
no rate constant at all. The majority of 61% states only the apparent reaction rate constant
kapp. Therefore, a more condensed overview of only the works which state the surface-

normalised reaction rate constant k, is given in the next chapter.
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4.2.3 Surface-normalised reaction rate constant

For obvious reasons it is impossible to compare catalytic activities given in different

variables, but also the comparison of variables of the same type remains problematic for

kinetic constants which are not normalised to the catalytically active metal surface area.

Therefore, this chapter summarises only catalysts where k; is given directly or can be

recalculated with the values given in the respective reference. Besides the works where the

existence of isosbestic points is graphically depicted, additional works are listed where k; is

given. Rate constants which were obtained after removal of oxygen from the reaction mixture

prior to the kinetic measurements are indicated™ in Table 3 to Table 5.

Table 3: List of references of the nitrophenol reduction on gold catalysts with surface-normalised
reaction rates k;.
support; kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Fu et al. Si 10
vera Lwaver ky = 6.0%102 | Yes 20
2016 macroscopic support polyhedral
t al. ibbsite@PDA 11.
Caoetal. gibbsite@ ky =8.0%10%% | Yes ! RT
2015 hexagonal platelets spherical
Wu et al., Au@PNIPAM 1 15+3
ki =2.2%10"* Yes 2
20127 yolk-shell structure ! - spherical 0
1,2,3.-tr1azole-PEG-2()OO ky = 1.7%1 02 No 3' 13
ligand molecules spherical
PEG-2000-1,2,3-triazole- 3
CH,-O-CH,-TTEGb k, = 1.4%107 No . 13
. spherical
ligand molecules
1,2,3-triazole-PEG-2
, ,3. triazole-PEG-2000 ks — 4.3%102 No 6. 20
ligand molecules spherical
Ciganda et | polymeric 1,2,3-triazole- 16
al., 2014% PEG k, = 1.9%107 Yes " 20
. spherical
polymeric ligands
HS-PEG- .
. 5-PEG-550 k, = 1.0¥107 No 35. 20
ligand molecules spherical
HS-PEG-2 13.
. 5-PEG-2000 k, =3.0%107 Yes 3.5 20
ligand molecules spherical
itrat 13.
| crrate ky = 4.0%10% | Yes 33 20
small ligand molecules spherical
Jia et al. a-CD-PVCL 2 -
’ ky =2.5%107* N RT
20157 microgel 1 (No) spherical
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Kuroda et PMMA 1 6.9+5.5
=5.1*%1 Yes : 22
al., 2009'? | commercial microspheres k=3 0 ° spherical
Wu et al., Au@SiO, 3 3.3+£0.6
ky =4.8*10 Y 25
2011'" yolk shell structure 1 ° spherical
M -
uruga citrate + acetanilide 1 5.0£1.7
doss et al., ) k, =6.5%10 - ) RT
20087 small ligand molecules spherical
hri t PS@PAEMH 23+1
S rlnnerlgeo S@ . ky, = 5.1%10™ - 3 . 20
al., 2007 SPB particles spherical
Yuan et al., PS@PEVIB q 2.1+0.2
ky =4.1*¥10 - 20
2012'% SPB particles 1 spherical
Luetal., PS@PNIPAM-Au NR 1 6.6 0.3 (d)
42 . kl = 1.4*10 - 25
2010 core-shell microgel 345+5.2 (L)

Among gold catalysts, Murugadoss et al. reported the highest rate constant with
k; = 6.5%10" L m™ s, obtained on citrate stabilised nanoparticles at a low concentration of
acetanilide.'” Increasing the concentration of the latter results in a chain-like arrangement of
the nanoparticles and lowering of the reaction rate due to the less accessible metal surface in
those structures. Contrary to that, Ciganda et al. reported the lowest rate constant of
k, =4.0*10" L m™? s, which was also obtained with citrate stabilised nanoparticles.* For
gold nanoparticles stabilised inside SPB particles, rate constants of k; = 5.1*10" and
4.1*¥10" L m™s™ were reported.'®® "*! For microgel supported catalysts Jia et al. reported a
rate constant of k; = 2.5%10° L m™ s obtained with spherical gold nanoparticles'’’ whereas

Lu et al. obtained a rate constant of k; = 1.4*10" L m™ s with gold nanorods.*

Table 4: List of references of the nitrophenol reduction on silver catalysts with surface-normalised

reaction rates k.

reference support; kinetic isosbest. | size / nm; T/
structure constant points shape °C
Luetal., PS@PNIPAM 2 73+ 1.5
ky =5.2%1 Y 2
2006" core-shell microgel 150 0 - spherical 0
PS@PEGMA
L 1. S+2.
;()f)t 6%1 ’ spherical branched k, =7.3%¥107 Yes Z flericaol 20
polymer brushes P
ky = 3.6%107* 63.5+6.0
Y t al. Ag@PANI
1;‘;1;8% ’ core si%l structure Ry = 4.5%107 No 64.6+8.0 RT
- u
ky = 6.6%107* 65.2 £ 8.0
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reference support; kinetic isosbest. | size/nm; T/
structure constant points shape °C
spherical
Dextran T500
Eising et 6.1+1.3
IS ?83 commercial ky = 1.4%10"* No . 25
al., 2011 ) spherical
polysaccharide
octane- + EtOH-
i iet 245+4.1
jlgggﬂ)?&‘ functionalised branced ky = 5.7%107"* Yes S Iferical 25
N PEI polymer ligand P
PS@PNIPAM 56+24
This work @ ) ky = 1.5%107* Yes ) 20
core-shell microgel spherical
Luetal, PS@PAA o oxn 3.0£1.2
2007'% SPB particles fy = 78710 ) spherical 20
(PS@PEGMA)@PVA
spherical branched ky = 7.8%10° ] 35.0 i 5.0 20
Luetal., polymer brushes spherical
2007'% embedded in macrogel
O =£5.
PVA ky = 7.3*%107* - O399
macrogel spherical
Zhang et TiO, 1 3.0
k; =7.8%10 - 21
al., 2009'%’ nanocomposite ! spherical
Zhang et P(NIPAM-MCC) w10l 3.5+£0.7
188 . ki =2.0%10 - . -
al., 2010 copolymer microgel spherical

For catalysis with silver nanoparticles, Lu et al. prepared two types of spherical brush
particles.®" ' For polyacrylic acid based SPB and for spherical branched polymer brushes
similar rate constants of k; = 7.8%107 and 7.3*107 L m™s™ were obtained, respectively. In a
subsequent work the latter particles were incorporated in a polyvinyl alcohol (PVA) macrogel
which yielded a rate constant of k; = 7.8%10° L m™s™"."® For silver nanoparticles inside a
pure PVA macrogel a rate constant of k; = 7.3*10° L m™s" was obtained. These are the
lowest rate constants reported on silver catalysts. Comparing the latter to the highest rate
constant of k; = 7.8%10" L m™ s, obtained with silver nanoparticles supported on TiO,, the
importance of the diffusion of the reactants to the catalytically active metal surface for the

¥ Inside the macrogel the reactants have to diffuse

reaction rate becomes apparent.’
macroscopic distances through the gel to reach the silver nanoparticles deep inside the gel
whereas the TiO, supported silver nanoparticles are at the surface of the catalyst particles,

yielding a rate constant four orders of magnitude higher.
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For platinum nanoparticles stabilised with magnetic SPB particles Wu et al. obtained a rate
constant of k; = 3.9%¥10" L m?s™."*” With SPB particles comprising of a polystyrene core
and the same brush polymer, poly(2-(methylacryloyloxy)ethyltrimethylammonium chloride)
(PMTAC), Mei et al. obtained a slightly higher rate constant.®® In a subsequent work to the
latter, the same support was used for palladium nanoparticles, yielding a reaction rate of
k; =1.1Lm?s".""? For SPB particles applying poly(1-ethyl-3-vinylimidazolium bromide)
(PEVIB) as brush polymer to stabilise palladium nanoparticles, a rate constant of
ky =2.1%10" L m™ s was obtained."® Antonels et al. investigated ruthenium nanoparticles
stabilised by hydroxyl-terminated polyamidoamine dendrimers.'” The ruthenium
nanoparticle size increased slightly with the dendrimer generation and the obtained rate

constants were k; = 8.7%10, 1.5%107 and 3.6*10* L m?s" for generations 4, 5 and 6,

respectively.

Table 5: List of references of the nitrophenol reduction on other metal, mixed metal and alloy catalysts
with surface-normalised reaction rates k;. The used metals are indicated in the “support”
column.

support; kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Mei et al., PS@PMTAC-Pt k, = 5.6%10" No 2.1+04 15
2005% SPB particles ki =1.1 spherical 30
Fe;04@P(S-DVB
Wu et al., e304@P( ) y 35405
189 @PMTAC-Pt k; =3.9*%10 Yes . 20
2012 ) spherical
SPB particles
Pt@P-2-(P(APTS7,-b-
Yuan et al., META195)—IEM2300 -1 3.0+£0.5
k, =3.1*10 N -
2010"" organosilica hybrid ! © spherical
nanowires
Luetal. PS@PNIPAM-Pt 3.7+1.2
dete @PNIPA ky = 8.6%107 i . 25
2010 core-shell microgel spherical
PS@PMTAC-P 2.4+0.
. S@ .C d ky=1.1% Yes .05 15
Mei et al., SPB particles spherical
2007'"° PS@PNIPAM-P 87 +0.
S@r d ky = 1.0%107" - 387206
microgel spherical
Hal leylami P
alder ?;2 oleylamine capped Pd ky = 1.3%10% No ] RT
al., 2011 nanoporous structure
Y t al. PS@PEVIB-P 25+0.
van el & S@PEVIB-Pd ky = 5.8%10" i 3030
2012 SPB particles spherical
Luetal, | PS@PNIPAM-Au-Pt NR 1 7.4+£0.8 (d)
ky =2.1*10 N 25
2010% microgel 1 NOY 1395465 L)
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Ru@PAMAM-G4-OH w1l 1.2+0.1
= 8.7%107"* ) 2
dendrimer stabilised ey = 8.7710 (No) spherical >
Antonels et | Ru@PAMAM-GS5-OH 3 1.4+0.1
ki =1.5%107* N 25
al., 2013"° dendrimer stabilised ! (No) spherical
Ru@PAMAM-G6-OH 4 22+0.3
ki =3.6%107"* 2
dendrimer stabilised 1 (No) spherical >

Considering the statement of the surface-normalised rate constant k; as a criterion, the works
listed in this chapter can be regarded as a group of more sophisticated works. This is also
discernible as only two of the 27 works listed above state no temperature (7% compared to
25% in the previous chapter). With only the catalysts listed in this chapter, the prevalence of
isosbestic points is now 67% for gold (8 of 12), 67% for silver (4 of 6), and 40% for other
catalyst metals (2 of 5). The numbers in parentheses show that due to the low number of
works left, it is difficult to make a statistical statement here. However, the numbers show that
even for works of a supposedly better quality, still cases with and without isosbestic points are
found. If the removal of oxygen is added as criterion, only 37% of the works within this

chapter (10 of 27) would be left, making a statistical evaluation impossible.

4.2.4 Thermoresponsive catalysts

As elucidated in chapter 3.1.2, thermoresponsive catalysts change their catalytic activity in a
non-Arrhenius-like mode with temperature. Table 6 lists only such catalysts, independent of
the applied catalyst metals or the type of rate constant stated. Thus, this chapter refrains from
a comparison of reaction rate constants. Most commonly PNIPAM is applied as the

thermoresponsive polymer; references on catalysts based on other polymers are scarce.

Wu et al. prepared a catalyst where gold nanoparticles are located freely movable inside a
shell of PNIPAM."? By adjusting the temperature, the selectivity could be switched between
4-nitrophenol and nitrobenzene. Liu et al. prepared a magnetically recoverable catalyst with a
Fe;04 core and a copolymer shell comprising of PNIPAM and a second thermoresponsive
polymer PDMAEMA.®® As active catalyst, readily prepared citrate stabilised gold
nanoparticles were loaded into the polymer shell. Zhang et al. prepared spherical polymer
brush particles comprising of a polystyrene core and a PDMAEMA brush layer comprising
gold nanoparticles.®” Additionally to the thermoresponsivity, the brush layer is sensitive to the

pH, and the concentration of NaCl. By using SiO, nanoparticles as a template and final
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etching, He et al. were able to prepare hollow nanosphere brush particles, comprising of a
poly(2-(1-methylimidazolium-3-yl)-ethyl methacrylate chloride) (PMIMC) hollow sphere
grafted with PDMAEMA.”’ After precipitating gold nanoparticles into the PDMAEMA brush,
the catalytic activity showed a minimum at 55 °C, and the catalyst could be reused for five
cycles without significant loss of activity. Liu et al. prepared a copolymer macrogel
comprising of poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS) and PNIPAM

193 With a minimum of the

loaded with nickel nanoparticles by in situ reduction with NaBH..
reaction rate at a temperature of 37 °C, this system is potentially interesting for biomedical
applications. By incorporating a central gold nanorod inside a PNIPAM microgel and
subsequent precipitation of silver nanoparticles inside the polymer shell, Li et al. prepared a
thermoresponsive catalyst which shows a strong photothermal effect.®* The catalyst particles

could be heated from within by infrared irradiation, to induce the volume transition and

modulation of the catalytic activity by light.

Table 6: List of references of the nitrophenol reduction on thermoresponsive catalysts. The used metals
are indicated in the “support” column.
reference support; kinetic isosbest. | size/nm; T/
structure constant points shape °C
Wu et al., Au@PNIPAM q 15+£3
ky =2.2*10 Y 20
20127 yolk-shell structure 1 ° spherical
Luetal, PS@PNIPAM-Au NR k. = 1.4%10" ] 6.6 +0.3 (d) 25
2010% core-shell microgel 1 345+£52 (L)
PMIMC@ 3
H 1. kapp = 1.8%10 1.5+0.2 2
26061?7’ PDMAEMA-Au ko =30v10° | MO s ieri(;al 52
hairy hollow spheres app — = P
Zhang e6t0 PS@PDMAEMA-Au kapp = 3.2%1 0? No 4.1‘ )
al., 2007 spherical polymer brush spherical
Wang et al. P4VP-b-PNIPAM-Au 3 33+0.2
’ kep, = 1.5*%10 2
20072 micelles app No spherical .
Pich et al. Au@P(AAEM-VCL -
e et W@PAAEM-VEL) |y - 10%107 | ves , 20
2006 copolymer microgel spherical
. FC304@P(NIPAM-
Liu et al. 1
12‘;‘135?6 ’ DMAEMA)-Au Kapp = 24%10° | Yes s he(r)ical 20
core-shell microgel P
. Au@SH-P(NIPAM-
Shi et al. 3 39+0.6
’ MAA) ko, = 1.4*10 Yes ) 30
20147 P herical
copolymer microgel sphierica
Wuet al., Au@P(NIPAM- 3 7.0+3.0
kapp, = 2.0%10 N
2015 VPBA-AAm) app © spherical 30
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reference support; kinetic isosbest. | size/nm; T/
structure constant points shape °C
copolymer microgel
Luetal., PS@PNIPAM-Ag 2 73+1.5
=5.2%1 Y
20067 core-shell microgel k=3 0 ° spherical 20
This work PS@PNIPAM-Ag k, = 1.5%10 Yes 56424 20
core-shell microgel 1 spherical
Zhang et Ag@P(NIPAM-MCC) k. =2.0%10" 3.5+£0.7
al., 2010"%® copolymer microgel == spherical
Luetal., PS@PNIPAM-Ag 3 85+1.5
kapp =2.2%10 Y
2006' core-shell microgel app ° spherical 20
Shahetal., | Ag@P(NIPAM-MAA) 3 6.5+0.5
kapp = 3.4%10 Yo -
2017 copolymer microgel app (Yes) spherical
Luetal., PS@PNIPAM-Pt I, = 8.6%102 3.7£1.2 ’5
2010% core-shell microgel == spherical
Mei et al., PS@PNIPAM-Pd k. = 1.0%10" 3.87+£0.6 15
2007 core-shell microgel e spherical
Liu et al., Ni@P(NIPAM-AMPS) 3 26.2
kapy = 3.8%10 Y 21
20153 copolymer macrogel app - spherical
. Ag: 8.0+
Lietal., Au NR@PNIPAM-Ag 3
kapp = 2.2%10 Yes 2. 2
2016% core-shell microgel app - " her(:cal >
7.4+0.8(d
2010% core-shell microgel e ' @ '

4.2.5 Summary of the reduction on gold and silver catalysts

Both, chapter 4.2.1, addressing mechanistic studies, as well as the statistics on the prevalence

of isosbestic points in the following chapters show that the kinetics and mechanism are very

sensitive to the precise reaction conditions. However, for the aqueous reduction of Nip with

gold and silver, the following picture can be drawn:

The work of Layek et al. indicates that the last reaction step from phenylhydroxylamine to

aniline is the slowest step (i.e. rate-determining) on gold catalysts.'® In contrast to that, Li et

al. concluded in their work that the first reaction step from nitrobenzene to nitrosobenzene

could be the rate-determining step on silver catalysts.'®*

If the first step of the reaction is rate-determining, and the subsequent reaction steps are faster,

the accumulation of intermediates on the catalyst surface remains low as they react faster than
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they are formed. If instead, the last step of the reaction is rate-determining, intermediates are

formed faster than they react and therefore accumulate on the catalyst surface.

As a consequence, it is far more likely that intermediates desorb into solution to a notable
degree if the last step is rate-determining. In both cases, it depends on the adsorption strength
of the intermediates on the particular catalyst (i.e. the combination of metal and support) if
enough intermediates desorb into solution so that no isosbestic points are seen in the UV-Vis
spectra. Chen et al. demonstrated nicely how modifications of the electronic structure of
platinum nanowires by adsorbed ethylenediamine ligands can alter the adsorption strength of

P4t s

phenylhydroxylamine to that extent that the reaction even stops at this intermediate.
therefore realistic to find various examples with and without isosbestic points for the same

catalyst metal, considering the diversity of catalyst architectures and ligands/supports.

Chapter 4.2.2 has shown that isosbestic points are found in most cases on silver catalysts
while on gold it is less likely. This supports the hypothesis that the rate-determining step
differs between gold and silver. In addition, it is conceivable that the influence of ligands on
the electronic structure of the catalyst not only influences the adsorption strength but the
reaction rates of each reaction step as well and therefore may even alter the rate-determining

step.

In conclusion, the nitroarene reduction remains a highly complex topic where combinations of
catalyst metal, support and reaction conditions can influence and alter the kinetics of the
reaction significantly. Utmost care is therefore necessary upon applying the reaction as a
model reaction, especially when different catalyst metals are to be compared. It should be
considered whether other reactions, preferably with only one reaction step (i.e. avoiding the
possibility of desorbing intermediates and changing rate-determining step), can be applied as

a model reaction more reliably than the reduction of Nip.
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4.3 Reduction of 4-nitrophenol by Ag@PS-PNIPAM nanoreactors

The previous chapter has shown that the kinetics of the reduction of 4-nitrophenol (Nip) is
sensitive to the precise combination of reaction conditions and catalyst. For the reaction
catalysed by gold nanoparticles, a model has been developed which could successfully
describe the full kinetics including the intermediate regime.'® ''> ' However, as mentioned
in chapter 1.3.1, an intermediate regime is not always observed. Previous studies showed that

. . . 132
no such regime was found with silver catalysts.”> "

Therefore, the kinetics of the Nip
reduction catalysed by thermoresponsive Ag@PS-PNIPAM nanoparticles is investigated in
the following to expand the existing picture of the reaction kinetics to silver. Additionally, the

effect of the thermoresponsive PNIPAM hydrogel on the kinetics is investigated.
4.3.1 Spectral deconvolution

Prior to the kinetic analysis, the spectra recorded during the reduction of Nip with
borohydride are analysed. Previous kinetic studies were always based on the concentration-
time dependency of Nip derived from its optical absorption maximum at A =400 nm.
However, with this approach, only the reactant concentration can be monitored. In order to
obtain the product concentration as well and additionally verify the absence of intermediates,
the full spectra recorded during the reduction from A =250 to 500 nm, shown in Figure
11 (a), are deconvoluted with the Levenberg-Marquardt algorithm. Prerequisite for the
deconvolution are reference spectra of all species to be detected. Figure 11 (b) shows the
molar extinction spectra of the reactant Nip, the product 4-aminophenol (Amp), one
intermediate of the direct route (4-nitrosophenol; NSP) and one intermediate of the
condensation route (4,4’dihydroxy-azobenzene; DHAB). The resulting concentration-time
curves are shown in Figure 11 (c¢). Only the reactant and the final product were detected, NSP
and DHAB were not present. The residual spectra in Figure 11 (d) exhibit an overall low
intensity compared to the absorbance of the original spectra, as shown in the inset. The sum
concentration of Nip and Amp in Figure 11 (c) is constant to Ac < 1% of the initial Nip
concentration. This shows that Nip is directly transferred to Amp via the direct route while
intermediates remain adsorbed. Additionally, the first derivatives of Nip and Amp, shown in
Figure 11 (c), coincide, emphasising further that Nip is directly transferred to Amp without
accumulation of intermediates. This is in accordance with the absence of an intermediate

regime in the logarithmic concentration-time dependencies.
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Figure 11: Absorption spectra (a) recorded during Nip reduction; molar extinction spectra (b) for Nip

(black), Amp (red), NSP (green) and DHAB (blue) recorded at pH = 10; obtained
concentration-time curves (c) for Nip (black), Amp (red), sum concentration of both (green)
relative to the initial concentration of Nip cyipo = 1#10* mol L and modulus of the first
derivatives for Nip (grey) and Amp (orange) and obtained residual spectra (d). The inset shows
the first (black) and last (red) spectrum recorded during the reduction compared to the
corresponding first (green) and last (blue) residual spectrum. Arrows indicate the course of

reaction.

4.3.2 Kinetic model

The model for the analysis of the reduction catalysed by Ag@PS-PNIPAM nanoreactors is

based on the two-step model applied for the analysis of the reaction on gold and gold-

palladium alloy catalysts as described in chapter 1.3.

1.19%- 115195 The differential rate equations

for Nip and 4-hydroxylaminophenol (Hx) are given in equations (1.4) and (1.5). The spectral

deconvolution in the previous chapter showed that the decrease in the reactant concentration

directly corresponds to the increase in the concentration of the final product Amp with high
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precision. Hence, a stationary state for the concentration of the intermediate cy, is present

from the very beginning of the reaction onwards and therefore

_ dCNip — dCAmp (4 1)
dt dt ’

With equation (1.4) and (1.5) it follows that
kq n
Kad,HxCHx = k_b (Kad,Nip CNip) 5 4.2)

Ky Chy can be substituted in equation (1.4), and the rate equation for the reactant is derived as

n
dcyi K inCNin) K c
_ Nip __ kaS ( ad,Nip Nlp) ad/,BH4“BH4 (43)

— 2'
dt k n
(1+(1+ﬁ)(Kad,NipCNip) +Kad’,BH4CBH4)

Equation (4.3) was described previously for the stationary state of the reduction by gold
nanoparticles, but as a stationary state was not present from the beginning of the reaction, it
could not describe the entire kinetics.'” Here it provides a full description of the kinetics of
the reaction with the five fitting parameters kg, kp, Koq nip» Kqa’ pra and n. A closer look

reveals that equation (4.3) is underdetermined. Substituting the fit parameters with
n ka n
K1 = ka(Kaawip)"  and Ky = (1472) (Kaawip) (4.4)
reduces their number to four and equation (4.3) is obtained as

n
_denip _ (enip) K 4’ BH4CBHA4

= — 5.
dat (1+K2(CNip) +Kad’,BH4-CBH4)

(4.5)

The substitution of fit parameters shows that for the present model, it is impossible to obtain
the two reaction rate constants k, and k;, separately. However, a reduced reaction rate

constant k,..4 can be obtained from the two substituted parameters K; and K, as

(4.6)

This is reasonable considering that Nip is directly reduced to Amp without accumulation of
intermediates in solution. Similar to the case of a consecutive diffusion-reaction sequence

described in chapter 3.2, both reaction steps are coupled, and the ratio K; /K, can be regarded
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as the overall reaction rate. In chapter 3.2 it is the concentration of reactants at the catalyst
surface which determines the concentration gradient and thus the diffusion rate (i.e. the first
reaction step) while here it is the coverage of the catalyst surface with intermediates,

determining the rate of the first reaction step.
Two limiting cases can be distinguished:

If a) k, > k;, K, /K, — k;, follows, the intermediates will accumulate on the catalyst surface,
and slow down the overall reaction to k;. The spectral deconvolution revealed that the sum
concentration of Nip and Amp remains constant throughout the whole reaction. This means
that in this case, the adsorption of the intermediate must be sufficiently high to suppress its

desorption.

If b) k, » k,, Ki/K, = k, follows, and the intermediates are immediately reduced to
products without accumulating on the catalyst surface. Furthermore, equation (4.5) reduces to

the classic one-step Langmuir-Hinshelwood kinetics in equation (3.16) as K, reduces to

K, = (Kad,mp)n. This shows that the present two-step Langmuir-Hinshelwood model is
mathematically indistinguishable from the classical one-step model and only the interpretation
of the obtained fit parameters K; and K, differs. As k;, disappears if k;, > k,, the number of
fit parameters is reduced to four, equation (4.5) is not underdetermined, and the adsorption

constant K4 y;p can be derived as well.
4.3.3 Fit algorithm

The differential equation (4.5) was used to fit the kinetic data by a genetic approach.'”® The
data were fitted with Mathematica and with the help of Dr Sebastian Risse. Figure 12 shows
the flow chart of the fit algorithm. After importing the discrete experimental data and
transferring them into continuous data with a spline fit, a conversion limit was set up to which
the data are fitted. For each parameter p;, a range was defined, and test parameters were
derived in N; logarithmic equidistant intervals to generate parameter sets which are tested

with the target function

1 Nex t=t |Cex (B)—cpit(t,s )l Nex t=t Cflzxp(t)_c}it(t,s')
Ej(tllsj) = _2Nexp <Zl P( t=Ol 4 fit\l,Sj >+ 21 P( t:Ol‘ J | (47)

Cexp(t) Céxp ®
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to derive a reasonable starting parameter set s; for the mutation step. Here, Neyp, is the
number of experimental curves which were fitted simultaneously, t; is the limiting time of
each experimental curve at which the conversion limit is reached, Cx, (1), Cit(t), Coxp (t) and
cfi¢(t) are the experimental and the fitted concentration-time curves and their first derivatives
(i.e. the curvature), respectively. In the subsequent mutation step, each fit parameter of s;’ was

randomly varied within the margins of Ap; < + 1%, and the new parameter set s;" was tested

k%

with the target function g; (tl, S ) If its value decreased, compared to the value for g; (tl, sj‘),
the new parameter set was used in the next mutation cycle (otherwise the previous set is
maintained). This is repeated until no improved set of fit parameters is obtained in c¢,, = 200

consecutive mutation cycles. The code for the fit algorithm can be found in chapter 6.5.1.

creation step
set differential equation
system of the respective model

import of experimental
data (spline)

set range for each fit parameter p;

Y

y

derive parameter sets s; in N;
equidistant steps for all p;

set conversion limit

Y Y Yy

test target function Ej(t;_, sj) for j = [[i", N; parameter sets s;

¢ - mutation step |
: best parameter set 5} -+ Hie -S> enis i 1
I
| [}
. v ]
: mutation I
I
|
| ! i
1 . ok . = ok * *¥ * a—
|| test target function gi(ty, 5/ ) with . %f &(ty, S; ) <&(t, sj) >s{* = s andc, =0 :
| mutant parameter set 57" if ej(tl, sj“) = Ej(tb 5}) > s;i=s;andc; = ¢ +1 |
|
|

if ¢, = ¢, = take best parameter set S;

Figure 12: Flow chart of the genetic fit algorithm. In the creation step a spline fit is used to transfer the
discrete experimental data into continuous datasets. The final fit is obtained after no further

improvement is achieved in c,, consecutive mutation loops.
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4.3.4 Kinetic analysis at constant temperature

For the kinetic analysis at T = 20 °C, measurements at three Nip and three borohydride
concentrations were conducted, yielding a grid of nine combinations. All measurements were
conducted at a ratio of borohydride to Nip concentration of cgys/Cyip = 50. Therefore, the
borohydride concentration can be regarded as constant throughout all experiments. All

experiments were conducted three times and averaged. The catalyst surface area per unit

volume was S = 0.0625 m* L.
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Figure 13: Comparison of the Nip concentration (a) obtained via spectral deconvolution (black) and

obtained from the optical absorption at 4 =400 nm (red) and time dependencies of the
experimental Nip concentration (symbols) and fit results (lines) for the reduction at
Cpua = 5*%107 (b), 1¥107 (c) and 2*¥107mol L' (d). The data were fitted up to 50%

conversion; the shaded areas indicate extrapolations of the fits up to 70% conversion.
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Figure 13 (a) shows that the curves of the concentration of Nip, obtained via spectral
deconvolution, and obtained from the absorption maximum of Nip at A =400 nm, are
virtually identical. Therefore, the following kinetic analysis is based on the latter. Consistent
with previous results on gold and platinum catalysts, the reaction rate is increasing with

. . . . . . . . . . 1
increasing borohydride concentration, and decreasing with increasing Nip concentration.'®”

109, 115

All data were fitted globally up to a conversion limit of 50%. A second fit to a conversion
limit of 30% revealed no marked difference in the fit quality and parameters. Therefore, the
results for the fits with the conversion limit of 50% are discussed in the following. Figure
13 (b) to (d) show the obtained time dependencies of the Nip concentration and the fit results.
The data and fits in Figure 13 (b) to (d) are plotted up to 70% conversion to visualise the
deviation between experimental data and fit at higher conversion discussed in chapter 4.3.6.
The shaded area in the graphs indicates extrapolations of the obtained fits and data which

were not part of the fitting.

The fit results in Figure 13 show that the model fits the data successfully at low conversions,
but the fits begin to deviate towards lower concentrations subsequently. The deviation is
lower at higher borohydride concentrations while it increases with increasing Nip
concentration. Two potential reasons for the deviation are conceivable: A decrease in the
borohydride concentration due to its decomposition over the reaction time, and the adsorption
of the reaction product Amp to the catalyst surface. Both effects are not captured by the
model. A detailed analysis of the deviation is discussed in chapter 4.3.6. The obtained fit
parameters for the two limiting cases of a faster first and second reaction step, respectively,

are given in Table 7.

Table 7: Obtained fit- and recalculated parameters for both limiting cases described in chapter 4.3.2.

parameter ko, >k, ky, >k,

n /1] 0.397 0.397

K aq' pra/ L mol” 20.8 20.8

K, /L"mol"™ m? s’ 1.12%107 1.12%107

K, /L" mol™ 5.36 5.36

Kyeq /mol m™s™ 2.10%10* | 2.10*10"

Koanipy /L mol’ - 68.62
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The fit parameters n and K, gy, are identical for both cases and similar to the values

obtained previously on gold (n = 0.5 and K4 pys = 5014).109 If k, » k;, the reduced

reaction rate constant represents the rate constant k, of the first reaction step, and the

adsorption constant on Nip can be derived. The obtained rate constant is slightly lower than

the value obtained on gold (k, = 9.3*10™ +2.5*%10™*) while the adsorption constant of Nip

obtained on gold is over 50 times higher.'®”

4.3.5 Influence of temperature

Measurements were conducted in intervals of AT =5 °C between T = 10 and 50 °C, and at

concentrations of ¢y, = 1#10™ and cgy, = 1%107 mol L™ to investigate the influence of the

reaction temperature. All experiments were conducted three times and averaged. The data

were fitted individually for each temperature up to a conversion limit of 50%.
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the reduction at T =10 to 50 °C and S =0.0625m> L. The data were fitted up to 50%

conversion.
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Figure 14 (a) to (c) show the experimental Nip concentrations and the fit results as a function
of time. With increasing temperature, the reaction rate increases first between T = 10 and
15 °C, followed by a decrease up to T = 35 °C before it decreases again. This coincides with
previous results obtained with PNIPAM-based silver and palladium catalysts.” ' 3% The fit
results in Figure 14 show that the model fits the data satisfactorily for all temperatures;
however, slight deviations occur for long reaction times. Overall, the temperature-dependent
measurements are better fitted than the data obtained at T = 20 °C shown in the previous
chapter because only one experimental concentration-time curve is fitted at once (compared to

nine curves fitted globally at T = 20 °C).

The results for the obtained parameters ky.q, n and K47 gy, are shown in Figure 15. A
separate interpretation of the temperature dependencies of the fit parameters K; and K, is not
possible as they comprise three and four (temperature-dependent) parameters, respectively.
The obtained fit parameters (at T = 20 °C) differ significantly from the parameters obtained
in the previous chapter. This is a consequence of the different number of experimental

datasets which are simultaneously fitted (nine compared to one).
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Figure 15: Arrhenius plots of the obtained fit parameters n and k,..q = k;/k, (a) and Van’t Hoff plot of

kgq' pra (b). The horizontal lines indicate the LCST of T = 32 °C. The dashed line in (a) is a
guide to the eye. The red line in (b) shows the linear fit to K4/ gy, between T = 10 and 20 °C

according to equation (4.8).

Figure 15 (a) shows that n is increasing at low temperatures but reaches a constant value of
n=1 for T >20°C. As n is a measure for the heterogeneity of the catalyst surface, the

parameter is expected to be approximately constant at moderate temperatures, in accordance
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with the obtained result. For k,.4, a typical non-Arrhenius dependency is obtained which was
found repeatedly for the reaction rate of PNIPAM-based thermoresponsive catalysts. ‘> ¢* 66 7>
75 19,132, 188. 193 The reduced reaction rate increases first at low temperatures, decreases then

and reaches a minimum around the LCST before it increases again.

Figure 15 (b) shows the Van’t Hoff plot of K,/ py4, supposedly the adsorption constant of
borohydride K,4 py4 alone. For the latter, a linear dependency would be expected in Figure

15 (b) according to the linearised Van’t Hoff equation'
1( AH AS
In(Kaazna) =3 (= %) + (%) (4.8)

where AH and AS are the enthalpy and the entropy of adsorption, respectively.

However, the kinetic model applies the bulk concentrations for borohydride and Nip. As
shown in chapter 3.1.1, the actual concentration inside a hydrogel network differs from the
bulk concentration. The true concentration inside the hydrogel can be expressed by the
product of the bulk concentration and the partitioning coefficient Kpq,¢. As the latter is not
explicitly included in the present model, the derived constant K 47 ppy, 1s €xpected to contain
both, the adsorption constant K,4pns as well as the partitioning coefficient Kpgr¢ pya

according to
Kaa' BHa = Kaa,suaKpare,pra- (4.9)

The Van’t Hoff plot in Figure 15 (b) shows that K,/ gy, follows a linear trend between
T =10 and 20 °C. If a constant value of Kpg,t pysa = 1 1s assumed in this temperature regime
(i.e. Kgq' pya = Kaapra), the temperature dependence of the adsorption of borohydride can
be derived with equation (4.8). The obtained values for the enthalpy and entropy of
adsorption, AH =49.1kJ mol’ and AS =208.3Jmol' K, are of the same order of
magnitude as the values obtained previously by Gu et al. for gold (AH = 37 kJ mol”' and
AS = 158 Jmol K, respectively).'”

If K447 pa 1s divided by the as-derived temperature-dependent adsorption constant Kgq pra4
(red line in Figure 15 (b)) the temperature-dependent partitioning constant of borohydride
Kpartpya 1s obtained according to equation (4.9). Figure 16 shows that the values

qualitatively follow the partitioning coefficient of sodium chloride K4t nqci 1n @ PNIPAM
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hydrogel, experimentally determined by Kawasaki et al.'”’ This is in accordance with the
findings of Kanduc et al., that the partitioning coefficients for small ions are similar,
independently of the very type of ion (as the strongly bound hydration shell shields their
specific character).'* Obviously borohydride is not a simple ion such as chloride but it is still
a monovalent ion with a symmetric charge distribution, and Figure 16 indicates that the

findings of Kanduc et al. are valid for borohydride as well.
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Figure 16: Comparison of the partition coefficient of borohydride Kpg,¢pys derived from the kinetic

analysis (black) and the experimental partition coefficient of sodium chloride Kpgrt yac; in a
PNIPAM hydrogel (red)."”” The dashed line is a sigmoidal interpolation of the experimental

values.

Overall the model shows the expected trends against temperature, though some information
cannot be derived due to mathematical limitations (e.g. the temperature dependence of the
adsorption constant for Nip). For an improved analysis, the partitioning constants for Nip and
borohydride should be included additionally. However, an inclusion as additional fit
parameters is impossible as one fit parameter would be replaced by two, and the model would
become underdetermined. An alternative could be experimentally determined partitioning

constants; however, to our best knowledge no studies thereof exist yet.

In conclusion, the kinetic analysis shows that the model for the reduction on gold can be

simplified in the present case. The presence of a stationary state from the beginning of the
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reaction onwards further supports the hypothesis drawn in the literature review that the first

reaction step may indeed be rate-determining on silver.

4.3.6 Deviation of the fit from experimental data

To evaluate the difference between fitted and experimental curves of the Nip concentration at
T = 20 °C, the relative residue is calculated according to

Cexp(t)—Crit(t) —1_ Crie(t)
Cexp(t) Cexp @

ACexp — cﬂt)m = (4.10)
With equation (4.10), the deviation between fit and experiment can be evaluated relative to
the absolute Nip concentration at the respective time and independently of the initial
concentration. This way, a comparison of the deviation between the different experiments at
T =20 °C is possible. Furthermore, the deviation is plotted against conversion instead of
reaction time as the data are always fitted up to 50% conversion (which is reached at different

times for each experiment).

To evaluate whether the deviation may be caused by a decrease in the borohydride
concentration (due to hydrolysis) or by adsorption of Amp, the deviation graphs are plotted in
two ways. Figure 17 (a), (c) and (e) each show the three measurements at equal Nip- and
varying borohydride concentration while Figure 17 (b), (d) and (f) compare measurements at

equal borohydride- and varying Nip concentration.

The hydrolysis of borohydride is catalysed by protons, i.e. pH-dependent. Upon
decomposition, the pH increases, and the rate of hydrolysis is therefore fast at the beginning
and becomes exponentially slower with time as the pH increases.'”® However, as the reaction
volume is the same for all experiments, the same amount of borohydride will be hydrolysed in
all experiments before the pH increase retards the rate of hydrolysis. If this is the reason, the
deviation should be more pronounced at lower initial borohydride concentrations where a
larger fraction of the borohydride concentration is hydrolysed. Figure 17 (a), (c) and (e) show

that no clear trend of the deviations with respect to borohydride concentration is discernible.
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If the deviation is caused by the adsorption of Amp, the deviation should, at similar
conversions, be higher at higher initial Nip concentration as the conversion correlates with the
concentration of Amp (relative to the initial Nip concentration). Figure 17 (b), (d), and (f)

show that this is the case with only one exception.

The analysis of the deviation between fit and experiment indicates that the deviation is caused
by the adsorption of Amp. Unfortunately, no direct proof for notable adsorption of Amp
compared to Nip was found in the literature. To our best knowledge, no studies comparing the
adsorption energies of Nip and Amp exist for silver. However, some findings on the other
coinage metals copper and gold support the possibility. In a DFT study, Simpson et al.
investigated the adsorption of trisubstituted benzene derivatives on copper(111). Here, the
binding energies of 1,3,5-trinitrobenzene and 1,3,5-triaminobenzene were found to be
AEpong = -141.0 and -219.3 kJ mol”', respectively. In a mechanistic investigation of the
reduction of nitrobenzene on gold, Corma et al. found aniline as an adsorbed species on the

catalyst surface during the reaction via infrared spectrometry.'*

The kinetic investigations by
Gu et al. found an adsorption constant for 4-hydroxylaminophenol much higher than the one
of Nip.'” ' As the molecules are similar, it is not unrealistic that the adsorption constant of

Amp on silver is large enough to cause significant adsorption as well.

It needs to be mentioned that the analysis of the deviation between fit and experiment must
not be understood as proof or disproof of one or another reason. All data were fitted in one
global fit with a kinetic model which does mathematically account for neither of the two
potential reasons. The fit algorithm, however, will still try to obtain the best fit and therefore
compensate missing effects by adjusting the available fit parameters. Therefore, the found
deviation may be distorted to some extent which makes an evaluation problematic. Another
set of experiments at higher pH, to suppress the hydrolysis of borohydride, could yield more
unambiguous results concerning the decomposition of borohydride as a potential reason. A fit
with an extended model, including an additional term for the adsorption of Amp, could reveal
if fits of better quality would be obtained. However, including another term would increase
the number of fit parameters and it is therefore likely that the fit quality improves, irrespective
if significant adsorption of Amp occurs or not. At this point, further experiments and analysis

exceed the scope of this work.
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4.4 Hexacyanoferrate(Ill) reduction

The reduction of hexacyanoferrate(Ill) (HCF) with borohydride can be used as a model
reaction to investigate diffusional effects on the surface catalysed reaction. It was previously
demonstrated that the reaction rate reaches the diffusion limit of HCF at high concentrations
of borohydride and the effect of crosslinking density on the reaction rate with gold
nanoparticles located inside a PNIPAM network was investigated.'”* '*° As elucidated in
chapter 1.3.2, electrostatic effects are believed to play a significant role in the reaction and a
comprehensive model accounting for such effects will provide a more profound understanding

of the kinetics of the reaction.
4.4.1 Kinetic measurements and working hypothesis

The kinetics of the reaction was investigated with Au@PS-PNIPAM core-shell nanoreactors.
All measurements were conducted at a ratio of borohydride to HCF concentration
Ceua/Cucr = 25 where pseudo-unimolecularity can be assumed safely, and the diffusion of
borohydride does not limit the reaction rate.'”® Measurements were conducted at different

ionic strength, temperature and varying concentrations of HCF, borohydride and the catalyst.
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Figure 18: Schematic of the stopped-flow apparatus with drive syringes (1), mixing chamber (2),

measurement cell (3) and stop syringe (4).
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As the reaction is too fast to be recorded manually with UV-Vis spectroscopy, the
measurements were conducted with stopped-flow. Figure 18 shows a schematic of the
stopped-flow measurement principle. The blue shaded area indicates the thermostatted section
of the apparatus. The reactants are filled into the drive syringes via Luer-lock loading ports at
each drive syringe (not shown in Figure 18). The push block is pushed, and both reactant
solutions are injected into the mixing chamber in a 1:1 ratio to trigger a measurement. From
there, the mixture moves through the measurement cell and to the stopping syringe. The liquid
flow continues until the stopping syringe is stopped at the stop block, where it triggers a
digital signal that initiates the measurement. The ongoing liquid flow from the mixing
chamber through the measurement cell up to the very moment the measurement is triggered

ensures that the measurement can be recorded from the beginning (in intervals of At = 0.5 s).

Figure 19 shows the key features of the obtained data for the reduction, which lead to the
conclusions on which the kinetic model described in the following is based. Firstly, if the
same experiment is conducted at increasing ionic strength I, a significant increase in the
reaction rate is observed in the concentration-time dependencies of HCF, as shown in Figure
19 (a). Secondly, if the same dependencies are plotted logarithmically as part of the data
evaluation with pseudo first order kinetics, shown in Figure 19 (b), it is evident that the slope
(which corresponds to the pseudo first order rate constant) is higher at the beginning of the

measurement and decreases with time until a stationary state is achieved.
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Figure 19: Concentration of HCF as a function of time (a) at I, = 0.065 (black), 0.075 (red), 0.1 (green)

and 0.2 mol L™ (blue) and logarithmic plot (b) of the concentration-time dependency for an
exemplary measurement; the dashed red line illustrates as guide to the eye how the slope of the

measurement data decreases with time.
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From the first observation, it can be concluded that electrostatics plays a significant role in
this reaction. At higher ionic strength where the high charges of hexacyanoferrate (-3e and -
4e for the reactant and product, respectively) are screened better, the reaction is notably faster.
The second observation points to a type of inhibition. This observation is found to be more
pronounced at low ionic strength and high HCF concentrations. Based on this, the following

working hypothesis as the basis for a kinetic model is derived.

(b)

G (I’ )

CHCE bulk

v

Figure 20: Simplified representation (a) of the nanoreactor architecture and continuous model
representation (b) for the radial concentration profiles of the reactant cy-r(r) and the product
¢p(r). The gold nanoparticles (yellow) are predominantly located deep inside the PNIPAM
hydrogel (blue) and close to the PS core (grey).

Most of the gold nanoparticles are located close to the PS core of the nanoreactor, as shown in
Figure 8 (b) and illustrated in Figure 20 (a). The reactant hexacyanoferrate(Ill) diffuses to the
gold nanoparticle surface where it is transformed into the product, hexacyanoferrate(Il). The
fast conversion at the gold nanoparticle surface leads to the accumulation of products in a
layer around the PS core surface. For a spherical catalyst particle, it was shown previously
that repulsive interactions between the reaction products can result in a product concentration
at the catalyst surface higher than the reactant bulk concentration.'>® Besides that the diffusion
coefficient for the reaction product was shown to be lower than for the reactant.'”” Because
the reaction is in or close to the diffusion limit of HCF, this leads to product concentrations at
the PS core above the reactant bulk concentration, as illustrated in Figure 20 (b).!124 126
Additionally, hexacyanoferrate ions are known to have significant adsorption to gold

nanoparticles.”®” ?°! As a consequence of the accumulation of products, a negative charge
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builds up around the PS core, which electrostatically repels the reactants diffusing towards the
gold nanoparticles. Thus, the diffusion rate decreases, which is macroscopically observed as a
decrease in the rate, as shown in Figure 19 (b). In the following, a rate theory, including
electrostatic product inhibition and the screening of the latter by ionic solutes is described, as
derived elsewhere.”” The kinetic model was developed in the group of Professor Dr Joachim

Dzubiella based on the results of the kinetic measurements.

4.4.2 Full kinetic analysis

4.4.2.1 Kinetic model

A few assumptions are made to arrive at an analytical theory and describe the observed effects
by only a few physically meaningful parameters. As the majority of the gold nanoparticles
inside the nanoreactors are located close to the PS core surface, the theory is formulated based
on the assumption of a single reactive catalytic sphere with radius R.,,., centred inside a
hydrogel shell with radius Rgp.;;. The size of the gold nanoparticles is small compared to the
PS core, and therefore negligible. The rate of a diffusion-controlled unimolecular reaction for

- - - 72,126, 151,203, 204
such a system can be derived from the Debye-Smoluchowski equation as’™ > ==

=1 = foo eBG(T) .
D - Rcore47TNAD(T')T2 ’

4.11)

where B~1 = kgT. The effective interaction potential G(r) between the reactant and the

hydrogel shell and the reactant diffusivity D(r) are defined as*™*

_ AG Rcore <r< Rshell
G(r) = {o RS 4.12)
and
D R <r<R
D(r ={ g core shell. 4.13
) Dy Rspen <r (4.13)

As shown in chapter 3.2, the rates of the diffusion kj and the surface reaction kg, s cannot be

separated if the reactant concentration at the catalyst surface is unknown. Therefore, both

terms are expressed by the intrinsic reaction rate constant kyg according to'*

kyk = k;}rf + k. (4.14)
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The term “intrinsic” here emphasises that these rates are not influenced by electrostatic
effects. To describe the electrostatic repulsion which reactants experience from accumulated

products the electrostatic interaction Vpy (7, t) is, on a Debye-Hiickel level, defined as®®”

p(t) QpQr e~ k(M (T—Rcore)
amege,r (1+k(MRcore)

Vpu(r,t) = Qy(r,t) =

(4.15)

where p(t) is the time-dependent number of accumulated products, and Q, and @, are the
charges of the reactant and the product, respectively. Vpy(7,t) accounts for the screening of
the electrostatic potential due to ionic solutes with a screened coulomb potential. The ionic

strength I(r) (to derive the inverse screening length k() with equation (3.21)) is defined as

_v.1 9,2
Ig = Zizci Zj Rcore <r< Rshell

I(r) = (4.16)

—y1l., 2
Iy = X5 iz Rspen <7

where cig and c; are the concentrations of ionic species i inside and outside the hydrogel,
respectively. The electrostatic interaction is added to the effective interaction potential in the
expression for the intrinsic diffusion to include it, and the overall reaction rate constant k,, is

thus obtained as

_ _ o B(VpuTH+G(™))
kow = kot + [, —————dr. (4.17)

core 4TWN4D(r)r?

The electrostatic interaction is now regarded as perturbation of the intrinsic diffusion to
separate the intrinsic diffusion from the inhibiting electrostatic effect. Assuming a weak
electrostatic potential and applying first order perturbation theory, the term can be linearised

and is obtained as

eﬁVDH(Trt)"'BG(T) [oe) eﬁG(T) ﬁVDH(r't)eBG(r)

[ee] o0
chore 47N oD ()12 r= chore 47N 4D (1)72 r ware 47N 4D (r)r2 (4.18)
Here, the electrostatic perturbation E (P, Kg) is defined as
_ (®  BVpu(rt)efi®
E (P ’ Kg) - chm 470N 4p(t) D ()12 dr
QrQp efgRcore Rshelle_KgTd P e¥oRcore o0 e~ KoT rl. (419)

= r —
162N gkpTeoerP | (1+KgRcore) “Reore 13 Do (1+KgRcore) “Rshelt 13
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where P is the permeability of the hydrogel network for HCF as defined in equation (3.1).

Due to the fast drop of the integral function with 7, it is safe to assume

P eKoRcore .0  g~KoT e¥gReore  Ropo e9"

dr < [ et ——dr, (4.20)

Do (1+KoRcore) “Rshett 13 (1+KgRcore) Reore 13

and therefore the electrostatic perturbation E (P, Kg) simplifies to

zyzpe? ekgRcore o0 oTHgT

16m2N gkpTegerP (1+KgRcore) “Reore 13

E(P, k) = dr

__ ZrZplB e gRcore o e KgT

47N gP (1+KgRcore) “Rcore 13

dr, 4.21)

with the Bjerrum length A given as™®

Ap= —o (4.22)

" amkgTege,

Now the overall reaction rate constant k,,, can be written as
kon = kawr +kp* + 0@ E(P,k,) = ki + () E(P, k). (4.23)

Obviously, k,, is not a constant as it comprises the electrostatic perturbation dependent on the
number of accumulated products inside the nanoreactor, which is not constant throughout the
temporal progress of the kinetic experiments. For a better understanding, the inverse of a
reaction rate constant can be understood as the time required for the respective reaction step.
Thus, k,} is the sum of the reaction times for the diffusion and the surface reaction. The term
p()E (P, Kg) adds the additionally required time to the intrinsic diffusion time kj* (without
electrostatic repulsion of reactants) to account for the slower diffusion due to the electrostatic

repulsion between reactants and accumulated products.

To finally arrive at a macroscopic reaction rate, k,, needs to be multiplied by the
concentration of nanoreactors cyg and the reactant concentration cy¢r, and the corresponding
rate law is derived as

__dcHcF
dt

KNR CNR CHCF (4’24)

=k,, Cyr C = .
on “NR “*HCF 1+kNRp(t)E(P,Kg)

For a full description, a second rate equation describing the time-dependent number of

accumulated product molecules p(t) is required. Therefore, the overall reaction is regarded as
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two consecutive steps. In the first step, the reactants diffuse to the gold surface and are
transformed into products which contribute to the electrostatic repulsion from reactants. This
step is already described by equation (4.24). After that, the accumulated products diffuse in
the reverse direction and out into bulk solution (where they do not contribute to the
electrostatic repulsion of approaching reactants anymore) with the diffusion rate k,yy.
Therefore, p(t) can be regarded as intermediate of the above processes and is described by a
rate equation including the formation (source) and the subsequent off-diffusion (drain) of

accumulated products according to

dp(t) _ _dcger 1
ar dt g p(t) koff (425)

For the calculation of the electrostatic repulsion of reactants from accumulated products, it is
necessary to consider the number of accumulated products p(t) inside a single nanoreactor.
Therefore, the bulk rate of product formation upon reaction defined in equation (4.24) needs
to be divided by the nanoreactor concentration cyp to arrive at an absolute number of

accumulated products in equation (4.25).

4.4.2.2 Fit algorithm

Equations (4.24) and (4.25) provide a set of coupled differential equations which were used to
fit the kinetic data as shown in the following. The data were fitted with Mathematica and with
the help of Dr Sebastian Risse. The Fit parameters are the intrinsic reaction rate kyg, the
electrostatic perturbation E (P, Kg) and the rate ks at which accumulated products leave the
nanoreactor. The fit algorithm is described in chapter 4.3.3. Other than for the 4-nitrophenol
reduction, not all fit parameters are fitted globally here. This means that the parameter sets s;
comprise of one value p; for each global parameter (valid for all experimental curves in the

respective fit) and a set of individual values p; ; for (one for each experimental curve s).

4.4.2.3 Fit results

Six series of measurements were performed against five variable parameters under otherwise
constant conditions to test the kinetic model. The variable parameters were the reactant
concentrations cycr and cpyg, the catalyst concentration cyg, ionic strength I, and
temperature T. For each series of measurement, the data were fitted separately.
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Measurements (symbols) and fit results (lines) of the HCF concentration as function of time

recorded at T = 20 °C. Measurements at different catalyst concentrations cyp (a), measured at

Cpa =025 mol L7, Chcro = 5%10* mol L™ and I, = 0.269 mol L' (cyp is stated in multiples

of the minimal nanoreactor concentration c,,, = 1.45*10"?mol L™); at different borohydride

concentrations (b), measured at cycro = 1¥10° mol L™, Iy = 0.272 mol L™ and cyg = 5 c,y,; at

different HCF concentrations (c) and (d), measured at cpy, = 0.25 mol L™, I, = 0.296 mol L™!

and cygp = 5 ¢,,; and at different ionic strength (e) and (f), measured at cgyq = 0.05 mol L,

CHCFO0 = 5%10* mol L™ and cyg = 5 ¢pp.
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Figure 22: Measurements (symbols) and fit results (lines) of the HCF concentration as function of time for
two series of measurements recorded at varying temperature. Measurements were recorded at
ionic strength I, = 0.065 mol L™ (a), (c) and (e) and I, = 0.100 mol L™ (b), (d) and (f) and

Cgra = 0.25mol L, cyer = 5%10* mol L™ and cyp = 1.45%10™" mol L™

In the fit procedure for the respective series of measurements, the fit parameters were either
variable (for each single measurement) or fitted as a global constant for the whole series

where physically rational and possible to obtain a still satisfactory fit. As the diffusion rate is
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believed to be the dominant factor in the intrinsic rate kyg while k,rr describes the off-
diffusion of the product, both fitting parameters are treated equally and either both are
variable or both constant for a measurement series. Two attempts in which the data were fitted
to 50% and 70% conversion revealed no marked difference in the fit quality and results. Thus
the results for the fits to the higher conversion of 70% are discussed here. Figure 21 and
Figure 22 show the experimental data (symbols) and the obtained fits (lines) for all series of
measurement. The error bars represent the standard deviation of three identical measurements

of each experiment.

For the measurement series at varying nanoreactor concentration cyg, all fit parameters were
held constant and fitted globally. As cyg is included in equation (4.24) and the reaction is
catalysed on the surface of the gold nanoparticles, the fit parameters should be independent of
the nanoreactor concentration. The fit results in Figure 23 (a) show that this is the case in

good approximation. The obtained global fit parameters for all measurement series are given

in Table 8.

Table 8: Overview of measurement and fit parameters for all series of measurement; variable

parameters are depicted in Figure 23 and Figure 24.

measurement parameters fit parameters
cvr /10| cucro/ | Caua! Iy / T/ | kng/10° | E(P,i,)/ kosr/
mol L | molL" | molL" | mol L °C Lmol" s | 108 mol s L st
variable | 5*10™ 0.25 0.267 20 1.24 0.402 8.69%107
7.23 variable | 0.25 0.296 20 variable 1.01 variable
7.23 1*¥10° | variable | 0.272 20 1.19 variable | 1.25%10™
7.23 5%10™ 0.05 | variable 20 1.52 variable 2.22%107
14.5 5%10™ 0.05 0.065 | variable | variable variable variable
14.5 5%10™ 0.05 0.1 variable | variable variable variable

For the measurement series at varying HCF concentration, the electrostatic perturbation
E (P, Kg) was fitted globally as it should be constant at constant ionic strength and
temperature. As no substantial effect of variations of the HCF concentration on the diffusion
of reactants and products would be expected, the parameters kyg and k,rr were also
attempted to be fitted globally. However, no good fit results were obtained, and the parameters
were thus fitted individually. Figure 23 (a) and (b) reveal a clear decreasing trend with

increasing HCF concentration for both fit parameters. While the increase of the oft-diffusion
67




Results and Discussion

kors could be a direct consequence of the increasing intrinsic reaction rate kyg, it is not clear
why the latter shows such a strong dependency on the HCF concentration. One possibility
would be that the reaction is less diffusion-controlled than previously assumed. In case of a
visible influence of the surface reaction rate on kyg, a Langmuir effect could be observed.
Strong adsorption of HCF to the gold surface could cause a substrate inhibition, visible as a

decrease of kygr with increasing HCF concentration. This possibility is discussed in

chapter 4.4.2.4.
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Figure 23: Results for the variable fit parameters of the measurement series at 20 °C. Intrinsic reaction

rate kyp (a) and off-diffusion k,rr (b) at varying HCF concentration and electrostatic

perturbation E (P, Kg) at varying borohydride concentration (c) and at varying ionic strength

(d).

For the measurement series at varying borohydride concentration the parameters kyg and

k,rr were fitted globally as all measurements were conducted at borohydride concentrations
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where it is believed that the reaction is only limited by the diffusion of HCF. Thus the
borohydride concentration should have no significant influence on the intrinsic reaction rate.
The fit results in Figure 21 (b) confirm this assumption. However, the electrostatic
perturbation had to be fitted individually, as shown in Figure 23 (¢). Though the effect of the
borohydride concentration on E (P, Kg) is moderate, it indicates that the ionic strength in the
hydrogel changes with the borohydride concentration. This effect can be explained
considering that the ionic strength was held constant in this series of measurement by
compensating the varying borohydride concentration with NaCl. It is known that generally
different ionic solutes can have different partitioning between bulk solution and a hydrogel
network.** 2”2 Even though the bulk ionic strength is held constant, the difference in the
partition coefficients of two ionic solutes can lead to a change in the ionic strength inside the

hydrogel and thus change E (P, Kg). This is elucidated in detail in chapter 4.4.2.5.

For the measurements at varying ionic strength, kyg and k,rr were fitted globally while
E (P, Kg) was fitted individually. The fit results in Figure 21 (e) and (f) show that good fit
results were obtained for all measurements. The dependency of E (P, Kg) on the ionic strength

is shown in Figure 23 (d). As expected, a substantial decrease of E (P, Kg) is observed with
increasing ionic strength. The charge of the accumulated products is screened better, and thus,
the electrostatic perturbation decreases. However, the obtained values are lower than
expected. Calculation of the electrostatic perturbation at bulk conditions (P =
Doncr = 6.7%10"m” s and bulk ionic strength applied in the calculation of the inverse
screening length g 1 inside the hydrogel)®” vyields values of E (P, Kg) =8.9%10"7 and
1.0¥10"" mol s L™ for the lowest and the highest applied ionic strength of Iy = 0.065 and
0.6 mol L™, respectively. The corresponding values of the fit results are E (P, Kg) =1.0*107"
and 4.1¥10" mol s L™ for Iy =0.065 and 0.6molL", respectively. As explained in
chapter 3.1.1, the permeability P inside the hydrogel usually differs from the bulk diffusivity.
Due to the partitioning of ionic solutes, the ionic strength inside the hydrogel can differ from
the bulk value as well. Therefore, a deviation between the fit results and the calculated bulk
values was expected. However, both effects should not vary at constant temperature and can
thus not explain the larger spread in E (P, Kg) of a factor of more than two orders of
magnitude between the lowest and the highest ionic strength compared to one order of
magnitude for the calculated bulk values. The reason for this could be the decreasing

curvature of the measurement data with increasing ionic strength, as shown in Figure 21 (e)
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and (f). The curvature is described by the denominator of equation (4.24). While at high
curvature, it is no problem for the fit algorithm to find a significant value for E (P, Kg), this

becomes problematic without a pronounced curvature, especially regarding the experimental

error. This issue is addressed in more detail in chapter 4.4.2.6.

The results for the fit parameters of the two measurement series against temperature are
shown in Figure 24. The intrinsic rate kyr shows the expected dependency comparable to
results obtained previously with thermoresponsive PNIPAM based catalysts for different
model reactions catalysed by different metals.”> ''* '*> 1% Starting from low temperatures the
rate increases first up to about 20 °C, then decreases until the volume transition of the

hydrogel is completed at about 35 °C, and then increases again.
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Figure 24: Results of the intrinsic reaction rate kyp (a), electrostatic perturbation E (P, Kg) (b) and oft-
diffusion k,fr (c) for the measurement series against temperature at ionic strength
I, = 0.065 mol L™ (black) and at I, = 0.1 mol L (red). The dashed lines indicate the LCST of

T = 32 °C for PNIPAM.
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As expected, the intrinsic rate for the measurement series at higher ionic strength is higher.
For the electrostatic perturbation E (P, Kg), an increasing trend with increasing temperature is
found for both measurement series. This fits with the assumptions as well, considering that
the hydrogel becomes more hydrophobic with increasing temperature. As a consequence,
ionic solutes will be more and more excluded, and the ionic strength inside the hydrogel
decreases, leading to an increase in E (P, K'g). Here, the measurement series at higher ionic
strength yields lower values for E (P, Kg) throughout the whole temperature range. The
obtained values for k,rr show only slight variations where the values for the measurement

series at higher ionic strength are higher, consistent with the results for kyp.

The time-dependent number of accumulated product molecules p(t) is calculated with
equation (4.25) to fit the data with equation (4.24). Figure 25 shows the results of the obtained
curves for p(t) as a function of the reactant conversion exemplary for the measurement series
at different HCF concentrations. The results show that the number of accumulated products
increases with the available amount of HCF as expected. However, the absolute numbers are

above a physically realistic regime.
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Figure 25: Curves for the number of accumulated products p(t) per nanoreactor as a function of the

reactant conversion for the measurement series at different HCF concentration obtained as a

result of the fit procedure.

In conclusion, it can be said that the present model yields satisfactory fits and the obtained

trends of the fit parameter qualitatively follow the physical expectations. However,
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quantitatively the obtained values exceed physically realistic ranges in some cases. Therefore,

different aspects of the present model are discussed in the following.

4.4.2.4 Calculation of the second Damkohler number

The fit results in the previous chapter revealed a substantial decrease of the intrinsic reaction
rate with increasing reactant concentration. In order to verify the possibility of a Langmuir
substrate inhibition effect (i.e. a decrease in the surface reaction rate due to strong adsorption
of HCF) as the origin of this observation, the influence of the surface reaction rate kgy,.r on
the intrinsic reaction rate kyp is estimated with the second Damkohler number Dall. As

described in chapter 3.2, Dall gives the ratio of the surface reaction rate to the diffusion rate.

The difficulty upon estimating Dall for the present core-shell system is that it is impossible to
determine a real surface reaction rate constant kg,,r as the reaction is either diffusion
influenced or in total diffusion control. The reaction rate constant obtained by Carregal-
Romero et al. with citrate stabilised gold nanoparticles is applied to circumvent this problem
(which is the rate constant closest to a real surface reaction rate constant available).'** A
realistic diffusion rate valid for the present core-shell system is calculated by applying the
gold surface area per unit volume S obtained with the properties of the Au@PS-PNIPAM
nanoreactors and the catalyst concentration applied by Carregal-Romero et al. to obtain the
abovementioned reaction rate constant. As the stagnant film thickness §, the thickness of the
hydrogel shell of the Au@PS-PNIPAM nanoreactors is applied. The values were
ky =24.1 s, n*=1, S=7913m", § =79.510° m and the referenced value of
Dycr = 6.7%10"° m? s'.2* As a result, a value of Dall = 3.61 is obtained, which shows that
the surface reaction rate is considerably faster than the estimated diffusion, and the reaction is
in or close to diffusion control. Therefore, the reason for the dependency of kyy in Figure

23 (a) is likely to be found elsewhere than in the intrinsic surface reaction rate constant Ky, f.

4.4.2.5 The role of ion partitioning in hydrogels

The results, shown in Figure 23 (c), revealed a dependency of the electrostatic perturbation
E (P, Kg) on the borohydride concentration at constant bulk ionic strength. In the following, it
is elucidated how the difference in the partition coefficients of two ionic solutes can lead to a

change in the ionic strength I, inside the hydrogel and thus change E (P, Kg) while the bulk
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ionic strength is constant. The model of non-ideal ion partitioning described in the following

was derived in the group of Professor Dr Joachim Dzubiella as described elsewhere.*"?

In the present case, the bulk ionic strength was held constant by compensating the varying
concentration of NaBH4 with NaCl. As the concentration of HCF is much lower than those of
NaBH, and NaCl, it is disregarded in the following. Generally, different solute species i can
have different partitioning coefficients Kpq,; between bulk solution and hydrogel
network.** 2" 2% According to equation (4.16), the ionic strength inside the hydrogel

expressed by the concentrations cgg of the ionic solutes i inside the hydrogel is
1 1
I, = Zichziz =- (] +c] +c) (4.26)

where the ionic species Na', Cl" and BH, are denoted with i = +, A, and B and the ion
valencies are z, =+1 and z, = zg = -1, respectively. To express I, through the bulk ion

concentrations c;, the electroneutrality condition
0=3;zic! =3, 2ziciKpgre € 71P® (4.27)

is applied to obtain the Donnan potential ¢ as

C¢+Kpart,+

eﬁd) — —In \/CAKpart,A'i'CBKpart,B- (428)

Equation (4.28) shows that a potential between the hydrogel and bulk solution appears only if
the partition coefficients of the ionic species differ. This is similar to the classic case where
the impermeability of a membrane for certain species causes an unequal charge distribution
and thus a Donnan potential. In the present case, an unequal charge distribution at the
hydrogel-bulk interface is caused by the different partition coefficients of the particular ion

species instead of a semipermeable membrane. With the expression
¢ = ciKpgr e %iF? (4.29)

for the solute concentrations inside the hydrogel and equation (4.28), the ionic strength inside

the hydrogel is derived as

Ig = \/C+Kpart,+ (CAKpart,A + CBKpart,B)- (4.30)
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The expressions for bulk electroneutrality (c, = ¢4 + cg) and -ionic strength
lo =5 (s +ca+cp) 4.31)

are applied to express the ionic strength inside the hydrogel through the bulk ionic strength I,

and -borohydride concentration cg to arrive at

Ig = JIOKpart,+ [IOKpart,A + (Kpart,B - Kpart,A)CB]- (4~32)

This shows that at constant bulk ionic strength the ionic strength inside the hydrogel still
varies with varying bulk borohydride concentration cp if the partition coefficients for
borohydride and chloride differ. In the present case, a decrease in E (P, Kg) is observed with
increasing borohydride concentration which means that the ionic strength is increasing.
Therefore, Kpqrep > Kpare.a» 1.€. borohydride is expected to have a higher affinity to the
hydrogel than chloride at T = 20 °C.

4.4.2.6 Critical view on the kinetic model and fit results

The results for the electrostatic perturbation E (P, Kg) in Figure 23 (d) revealed a decrease
over two orders of magnitude with increasing ionic strength which is much larger than
expected. As mentioned in chapter 4.4.2.3, the reason for this could originate in the fit
algorithm itself and the underlying equations (4.24) and (4.25). The following consideration
shall help to get a better understanding of how the coupled differential equations intertwine to

fit the data and where difficulties with the fit procedure/results arise.

The numerator of equation (4.24) describes the concentration-time dependency of a first order
reaction (i.e. a linear dependency in the logarithmic concentration-time plots shown in Figure
21 and Figure 22). If we now consider the beginning of each reaction, it is clear thatat t =0

the number of accumulated products is still zero and equation (4.22) simplifies to

d
(%)tzo = —kng CNR CHCF- (4.33)

This means that kyrcygr corresponds to the initial slope of the logarithmic concentration-time
plots. The denominator comprises the term p(t)E (P, Kg) to account for the decrease in the

slope (i.e. a decreasing reaction rate due to electrostatic product inhibition). The value of p(t)
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is described by the second differential equation (4.25) where the fitting parameter k,zr
modulates p(t). If k, is increased, p(t) will decrease (more precisely: the maximum of the
curve will be lower and shift to earlier times). However, this can be compensated by an
increase in the fit parameter E (P, Kg). Of course, this scenario is limited as the shape of the
p(t) curve will also change if k,ff is varied but it makes the set of equations vulnerable to

minor changes in the shape of experimental data which may lead to the mathematically best,

but not necessarily to physically meaningful fit parameters.

This scenario becomes increasingly problematic for curves which are approaching linearity in
the logarithmic concentration-time plots, e.g. with increasing ionic strength. Here it is
virtually impossible for the algorithm to arrive at meaningful values for E (P, Kg) and k.
Considering that all data additionally have a particular experimental error, it becomes clear
that the present model may over-interpret the data basis and therefore yield distorted trends

for the resulting fit parameters.

Another potential source of error with the present model could be seen in the assumption of
an entirely reactive nanoreactor core. Though most of the gold nanoparticles are located close
to the core surface, the total gold surface area is much smaller than the total core surface. A
stationary state model is derived in the following to circumvent these issues and still preserve

the underlying model of electrostatic product inhibition and assertions thereof.
4.4.3 Kinetic analysis of the stationary state

To circumvent the issues of the time-dependent analysis in chapter 4.4.2, a time-independent
stationary-state model is derived which only evaluates the reaction rate constant after the
stationary state is reached. This way the electrostatic effects can be evaluated while
circumventing the curvature problem of the previous model. The first order reaction rate
constant kq of the stationary state is derived as the slope of the stationary state regime in the
logarithmic concentration-time curves as shown by the dashed red line in Figure 19 (b)

according to equation (1.6).
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4.4.3.1 Kinetic model

The number of accumulated products of the previous time-dependent model is now regarded
as constant (i.e. dpss/dt = 0) to arrive at a time-independent stationary state model for the

reaction rate. The total reaction rate constant of the stationary state k,, ¢; can be expressed as
kgr%,ss = kl\_lllé,ss + Dss E(P: Kg)- (4.34)

The time-independent number of accumulated products of the stationary state pg, can be
expressed (without the necessity of a second differential equation) as the ratio of the rates of
product formation k,, ¢s (multiplied by the reactant concentration cycr o) and off-diffusion

ko ss according to

_ Kon,ss
Pss = CHCF0- (4.35)
off.ss

If the electrostatic perturbation E (P, Kg) is assumed to be weak, k,, ¢s can be approximated

by
kon,ss = kNR,SS’ (4-36)

and the number of accumulated products is obtained as

~ kNR,ss
Pss =7 CHCF,0- (4.37)
off.ss

Therefore, equation (4.24) of the previous model is now obtained as

dcycr _ _ KNR,ss CNR _
BT —kon,ss CNR CHcF = — 7 )2 Chcr = —KenCucr- (4.38)
1+ ENR.ss) CHCF,0 E(P,Kg)
koff,ss

Equation (4.38) is based on the assumption of an entirely reactive nanoreactor core. However,
not the full nanoreactor core surface is reactive but only the surface of the gold nanoparticles

which are partially covering it.

Therefore, the real rate constant is by an efficiency factor f.r (see next chapter) lower than
predicted by the theoretical reaction rate constant k.. The latter is scaled by f, ¢ to connect it

to the experimentally determined rate constant k; according to
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ferrken = k1S, (4.39)

which yields the full theoretical expression

ey =Lt Kz s CNR . (4.40)
S 1+ (kNR,ss)

[4 E(P,k
Koff.ss HCFoE(PKg)

The efficiency factor f.rr is calculated based on a model describing the diffusion rate to a

spherical particle with radius R covered with N circular receptors with radius a on its

210, 211
surface.?!*

Here, the term receptor is to be understood generally as a drain of any kind (e.g.
particles disappearing upon reaction at a catalyst surface). The model accounts for the

geometric aspects of diffusion in such system, and the effective rate constant is obtained as

Na

Nrraz)

Na+1TR<1—‘mR2

Equation (4.41) was shown to agree well with Brownian dynamics simulations of the system
taking account for the competition between receptors.”'> Obviously, the geometry of flat discs
on a spherical surface differs from the present system of spherical gold nanoparticles
surrounding the nanoreactor core. However, the reaction was shown to be in or close to the
diffusion limit of HCF. Therefore, applying the above geometry is reasonable. The reactants
diffuse to the gold nanoparticle surface from outside the nanoreactor and are transformed to
products quickly. From the perspective of a reactant in bulk, the gold nanoparticles at the
nanoparticle core surface appear as discs, acting as drains for the reactants. Additionally, the
gold nanoparticles are much smaller than the nanoreactor core and mostly located close to the
core surface. Therefore, the diffusional flux will predominantly arrive at the gold
nanoparticles coming from the solid angle hemisphere pointing away from the nanoreactor
core surface as it would be the case for flat discs on a sphere. As the kinetic model is based on
the Debye-Smoluchowski diffusion rate to a spherical particle, the efficiency factor is

included according to

Na

Nrraz)'

Na+7rR<1— >
4TTR

Applying the gold nanoparticle radius 7y, for a, the nanoreactor core radius R, for R, and

the number of gold nanoparticles in one nanoreactor Nyp for N yields a value of forr = 0.576.
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Corresponding to the full kinetic model shown previously, kg, comprises the three fit
parameters Kyg s, E(P,Kg), and k, ss. Based on the findings of the full kinetic model and
equation (3.19), E(P, kg) and kypg <5 are replaced by the physically more essential parameters

P, Kpare,p> and K¢, yielding a total number of four fit parameters (together with k¢ o).

According to equation (4.21), the electrostatic perturbation E(P,k,) is a function of the
permeability P of the hydrogel network for HCF and the inverse screening length k, inside
the hydrogel. The latter is, according to equation (3.21), a function of the ionic strength I,
inside the hydrogel. The results in chapter 4.4.2.5 show that I, can be expressed as a function
of the bulk ionic strength I;, the borohydride concentration cpys, and the partitioning
coefficients Kpgrt+, Kpart,as and Kpqrep according to equation (4.32). Kawasaki et al.
measured the temperature-dependent partition coefficient for NaCl in a PNIPAM hydrogel."”
The obtained values are in accordance with simulations of Milster et al. and Kandu¢ et al.,
both, for the swollen as well as the collapsed state of PNIPAM. 4 213, 214 Therefore, the
experimental values are applied for Kpgrr a4 = Kpgre,+. Together with the bulk ionic strength
and borohydride concentration from the experiments, the only undetermined parameters in

E(P,kg) are now P and Kpgr¢ -

The diffusion rate constant to a single sphere inside a hydrogel is given in chapter 3.2.2.1. As
the time-independent model accounts for the partial coverage of the PS core with gold
nanoparticles through the efficiency factor f.rf, equation (3.19) can be applied. With the
experimentally determined radii R.yre, Rspenr, and the bulk diffusion coefficient of HCF
Dy(20°C) =7.15*10"" m* 57, only P and kg, are left as undetermined parameters in the

intrinsic reaction rate constant kyp gs.

4.4.3.2 Fit algorithm

The data are fitted with equation (4.40), applying the fit parameters P, Kg, Kkgyrr, and Kofr .
The data were fitted with Anaconda suite and with the help of Arne Ronneburg. The genetic
fit algorithm is described in chapter 4.3.3.2"> Other than for the time-dependent analysis, no
spline interpolation of the experimental data is necessary, and no conversion limit needs to be
defined for the fit algorithm shown in Figure 12. For the fit with a combination of global and

individual fit parameters (fit against temperature), the description in chapter 4.4.2.2 applies.
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For the time-independent fits, the mutation cycle applies an additional recombination step.
Therefore, the 200 best parameter sets s; are submitted to the mutation cycle. Prior to the

mutation step, the fit parameter values of the parameter sets are randomly recombined. The

target function is given as

sk(sj) =

1 Nexp <|k1,exp_k1,fit(5j)|) 4.43
Nexp Zl kl,exp ( ) )
where N, is the number of experimental data points which were fitted simultaneously, and
k1,exp and kq f; are the experimental and fitted values of the surface-normalised rate constant,
respectively. The mutation cycle is repeated until the relative deviation between the target

functions is below 107

4.4.3.3 Fit results

As equation (4.40) accounts for the experimental concentrations of HCF, borohydride, as well
as ionic strength, the experimental dependencies of k; on all three parameters are fitted in one
global fit. Figure 26 shows the experimentally obtained dependencies of the first order rate
constants (symbols). Against HCF concentration, a substantial decrease is observed between
Chcro =3 *10° and 1.5*10° mol L' while k; increases with increasing borohydride
concentration and ionic strength. This coincides with the time-dependent data shown
previously. The fit results in Figure 26 (lines) show that a satisfactory fit quality is obtained
against HCF and borohydride concentration, however, the fit against ionic strength can only

qualitatively describe the experimental data.

The obtained fit parameters are P = 6.41%107"" m? s'l, Kp =282, kgyr= 6.59%10"
L mol's”, and Kofrss =4.4%10*s™. This means that the permeability of the PNIPAM
hydrogel for HCF is ~ 9% of its bulk diffusion coefficient. The partitioning of borohydride is
larger than for NaCl as predicted in chapter 4.4.2.5 based on the results of the time-dependent
analysis. This means that the ionic strength inside the hydrogel is indeed increasing with
increasing borohydride concentration (at constant bulk ionic strength). Thus, the decreasing
screening length of the electrostatic repulsion is the reason for the increasing reaction rate

constant, both, against borohydride concentration and bulk ionic strength.
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Figure 26: Surface-normalised first order rate constants k; (symbols) and fit (lines) of the kinetic model

(all measurements were conducted at cyr = 7.23*10"* mol L™). Reaction rate measurements at
different HCF concentrations (a), measured at cgy, = 0.25mol L, I, = 0.296 mol L'; at
different borohydride concentration (b), measured at cycpo = 1#10° mol L™, I, = 0.272
mol L'; and at different ionic strength (c), measured at cgy, = 0.05mol L, CHcro =

5%10“ mol L.

With the fit parameter P the diffusion rate constant k, can be calculated according to
equation (3.19) as kp, = 6.09%10'° L mol™' s™'. This shows that the diffusion rate is almost four
orders of magnitude lower than the surface reaction rate, and the reaction is in full diffusion
control as expected from the calculation of Dall and shown previously.'” '** With
equation (4.37) and Kkgff s, the number of accumulated products can be calculated. At the
lowest and highest HCF concentration of cycpg = 5%10” and 1.5*10° mol L', values of
pss = 69 and 2077 are obtained, respectively. The decrease of the reaction rate constant is,
therefore, a consequence of the increasing number of accumulated products which repel the

reactants. The number of accumulated products corresponds to a product concentration of
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~ 19% relative to the reactant concentration (if the whole shell volume is applied as reference
volume to calculate a concentration). This value can be considered to be in a physically
realistic regime, even if the products accumulate only in a fraction of the shell volume as

expected based on the model described in chapter 4.4.1.

For the evaluation of the measurements against temperature, several temperature-dependent
input parameters for the kinetic model are required. The bulk diffusion of HCF is derived with
the Stokes-Einstein equation

kgT
611 (T)THCF

Do(T) = (4.44)

125, 126

where 1ycr = 0.3 nm is the approximate radius of the hexacyanoferrate(Ill) ion and

21® The experimentally determined values for the

n(T) is the dynamic viscosity of water.
partition coefficient of NaCl determined by Kawasaki et al. (applied for Kpgrea = Kpare,+)
are interpolated with a sigmoidal fit, as shown by the dashed red line in Figure 16. According
to Kanduc et al., the partitioning does not significantly depend on the type of ion as their
specific character is shielded by the (strongly bound) hydration shell. As no experimental
values for the partition coefficient of borohydride are available, assuming a similar behaviour
as for NaCl is a favourable approach compared to assuming the partition ratio to be
temperature independent. Obviously, borohydride is not a small, simple ion as, e.g. chloride,

but it is a monovalent ion with a symmetric charge distribution. Therefore, K4t p 1s coupled

t0 Kpart,a = Kpart,+» based on the ratio of the partition coefficients according to

Kpart,B(20 °C)
Kpart,B (1) = prart,A (T), (4.45)

where Kpqr¢5(20 °C) is the value obtained from the fit at T = 20 °C.

The diffusion rate ks ss at which the reaction products leave the nanoreactor is fitted with an
Arrhenius dependency, anchored with the value k,ff (20 °C) obtained from the fit in the

previous chapter according to

E_A(;_l)
koff,ss(T) = koff,ss(zo °C)e R\T=293.15K T/, (4.46)

The results of the fits at T = 20 °C show that kg,,.s > kp, therefore kg, does not influence

kyrss and 1s kept as temperature-independent parameter with the value obtained at
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T = 20 °C. With these prerequisites, the only free (fit) parameters are the activation energy of

kofr,ss (fitted globally) and the permeability P (fitted individually at each temperature).

Figure 27 (a) shows the Arrhenius plot of the experimental rate constants (symbols) for two
series of measurements obtained at different ionic strength. The data show the typical non-
Arrhenius dependency which has been found repeatedly for this type of PNIPAM based

19,125, 132 e fit (lines) shows that the data can be fitted successfully at

nanoreactor catalysts.
high temperatures; however, below T = 20 °C, the fit deviates significantly from the data

measured at I, = 0.1 mol L™.
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Figure 27: Arrhenius plots of the experimental reaction rate constant k; (symbols) and fit (lines) of the

kinetic model (a) and obtained permeability of HCF (b) normalised to the temperature-
dependent bulk diffusion coefficient D,. Measurements were conducted at
cyr = 1.45%10" mol L cppyy = 0.05 mol L, cyyepo = 5%10* mol L™ and I, = 0.064 (black,

red) and 0.1 mol L™ (grey, orange).

Figure 27 (b) shows the obtained temperature dependence of the permeability of HCF
normalised to its bulk diffusion. The data resemble the temperature dependency of the
reaction rate with a minimum around the LCST and a general increasing trend with increasing
temperature. Considering that P = K, 4, ycrDg and Dy < Dy, it is clear that Figure 27 (b)
shows the lower limit for the partition ratio of HCF (P/Dg = Kpareucr if Dg = D). This
means that in contrast to NaCl, the partition ratio of HCF increases with increasing
temperature. As the diffusion coefficient inside the hydrogel will additionally decrease upon
the collapse of the PNIPAM hydrogel, it can be expected that the increase of the partition ratio

with increasing temperature will be even more pronounced than shown in Figure 27 (b).
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Kandu¢ et al. showed that for larger molecular ions such as nitrophenolate the partition ratio
increases (with increasing temperature) to values of 10 to 30 (or even 10’ at higher ionic

143, 214 14 can, therefore, be assumed that for HCF, the molecular properties dominate

strength).
over its ionic nature regarding the partition ratio in PNIPAM and the obtained values for the

permeability are in a physically conceivable regime.

The obtained activation energy for k,srss is Eq = 3.03kJ mol™. As korfss describes the
diffusion of the reaction product out of the nanoreactor, an activation energy in the regime of
thermal energy is realistic (3.03 kJ mol™ correspond to 1.24 kzT at T = 20 °C). Due to the

low activation energy, Ksr ss increases only by ~ 17% between T = 10 and 50 °C.

Overall the above analysis yields satisfactory results with only three relevant and physically
meaningful fit parameters at T = 20 °C (kgy,s has no influence as kg, > kp and therefore

knr = kp), and only two fit parameters in the fit against temperature, all yielding physically
reasonable values. All other parameters are either referenced or directly measured
experimental values (or reasonably related to other experimental values where no direct
experimental values are available). Although several effects which would complicate the
model too much are not accounted for (like electrostatic reactant-reactant and reactant-product
interactions or crowding effects near the catalytically active gold surface), the model shows
how the complex interplay of geometric, diffusive, electrostatic and hydrogel specific effects
influence the reaction kinetics in thermoresponsive nanoreactors. The newly developed rate
theory®”*> draws a comprehensive picture and shows that electrostatic effects play a significant

role in the kinetics of diffusion-controlled reactions in hydrogels indeed.
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5. Summary

This thesis comprises three parts.

The first part gives a comprehensive literature survey of mechanistic studies of the nitroarene
reduction mechanism and kinetic studies of the 4-nitrophenol reduction with the focus on gold
and silver catalysts. The mechanistic investigations reveal that for gold, silver, palladium and
platinum the reaction follows the direct route of the Haber reaction scheme while for other
metals (e.g. nickel) the reaction partly follows the condensation route. Overall the precise
mechanism is highly sensitive to combinations of catalyst metal, nitroarene substituents,
solvent and reaction conditions.

For the aqueous reduction of 4-nitrophenol, indications are found that the last step of the
reduction from hydroxylaminophenol to aminophenol is rate-determining on gold while on
silver it is the first reaction step.

The review of kinetic studies shows that isosbestic points in the UV-Vis spectra are found
with a higher probability with silver- than with gold catalysts, supporting the hypothesis of a

difference in the rate-determining step between gold and silver.

In the second part, the kinetics of the reduction of 4-nitrophenol on silver nanoparticles
embedded in thermoresponsive core-shell nanoreactors comprising of a PS core and a
PNIPAM shell is investigated. The deconvolution of the UV-Vis spectra reveals the direct
conversion of the reactant to the product and the absence of intermediates in the reaction
mixture, supporting the hypothesis of a rate-determining first reaction step. A modified kinetic
model is derived, based on the kinetic model applied successfully for the reduction on gold
catalysts. The model fits the data satisfactorily at low conversions but increasingly deviates at
higher conversions. Analysis of the relative deviation between experimental data and fit
indicates that the adsorption of the reaction product to the catalyst surface, not accounted for
in the model, could be the reason for the deviation. The kinetic investigation of the influence
of temperature discloses the typical non-Arrhenius dependency of the reaction rate, coinciding
with previous results for PNIPAM based thermoresponsive catalysts. The Van’t Hoff analysis
of the adsorption constant of borohydride reveals that the partition ratios of the reactants are
relevant parameters for the kinetic model. In conclusion, the analysis shows that the kinetic
model derived for gold can be simplified in the present case as a stationary state is present

from the very beginning of the reaction onwards.



Summary

In the third part, the reduction of hexacyanoferrate(Ill) by gold nanoparticles embedded in
thermoresponsive core-shell nanoreactors comprising of a PS core and a PNIPAM shell is
investigated. The kinetic measurements reveal a strong dependency on the ionic strength and
an inhibition effect increasing with the reactant concentration. Based on these observations, a
new kinetic model for diffusion-controlled reactions in thermoresponsive hydrogels,
accounting for effects of the hydrogel, the catalyst geometry, diffusion, and electrostatic
effects, is described. Due to the fast diffusion-controlled kinetics, the reaction product
accumulates inside the hydrogel, repels the reactant and decreases the reaction rate.

The full kinetic analysis reveals the limitations of the model and the influence of ion
partitioning inside the hydrogel. Even at constant bulk ionic strength the ionic strength inside
the hydrogel is changing upon replacement of one ion species by another with a different
partition coefficient.

Based on this, a refined, stationary state model, circumventing the limitations of the previous
model, is derived and applied successfully. The results show that the reaction rate is
increasing with increasing ionic strength because the charge of the accumulated products are
screened better whereas the rate is decreasing with increasing reactant concentration due to
the increasing accumulation of products. The activation energy for the diffusion of reaction
products is found to be in the regime of thermal activation. The permeability of the reactant
shows a minimum around the LCST of PNIPAM while it is generally increasing with
increasing temperature, pointing to a strong affinity to the hydrogel at elevated temperatures.
With only three relevant and physically meaningful fit parameters, the kinetic model draws a
comprehensive picture and shows that electrostatic effects play a significant role in the

kinetics of diffusion-controlled reactions in hydrogels.
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6. Experimental

6.1 Materials

Table 9: List of chemicals used for synthesis and kinetic measurements.

substance company (purity) MW /g mol
4-aminophenole Merck (= 99%) 109.13
2,2’-azobis(2-amidinopropane)-

dihydrochloride (V50) Fluka (=98% ) 271.19
BHT inhibitor remover Sigma-Aldrich

borax buffer (pH = 10.0 @ 20 °C) Roth

4,4’-dihydroxyazobenzene TCI (= 98%) 214.22
gold(IlT)chloride trihydrate Sigma-Aldrich (= 99.9%) 393.83
hexadecyl-trimethyl-ammonium-

bromide (CTAB) Sigma-Aldrich (= 99%) 364.45
N-isopropylacrylamide Sigma-Aldrich (= 97%) 113.16
N,N’-methylenebisacrylamide (Bis) Sigma-Aldrich ~ (99%) 154.17
4-nitrophenol Sigma-Aldrich (= 99%) 139.11
4-nitrosophenol TCI (~ 40% H,0) 123.11
potassium hexacyanoferrate (II) Sigma Aldrich  (99%) 422.39
potassium hexacyanoferrate (III) (HCF) Sigma Aldrich  (99%) 329.24
potassium persulfate (KPS) Fluka (= 99%) 270.32
silver nitrate Fluka (= 99.5%) 169.88
sodium borohydride Acros (99%) 37.83
sodium chloride Merck (99.5 %) 58.44
sodium dodecyl sulfate (SDS) Sigma-Aldrich (= 99%) 288.37
sodium hydroxide Grlissing (99%) 40.00
styrene (stab. with 250 ppm BHT)* Sigma-Aldrich (= 99%) 104.15

*Styrene was run over a column packed with inhibitor remover prior to use.
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6.2 Synthesis and preparation

6.2.1 Preparation of 4-nitrosophenol

4-Nitrosophenol (water content ~ 40%) was purified according to a modified literature
procedure:*'” After drying in vacuum at T = 40 °C overnight, the raw material was dissolved
in anhydrous diethyl ether. The insoluble residue was filtered off, and the remaining water
was removed over a molecular sieve (mesh size =4 A) overnight. After removing the ether,
the crude product was redissolved in dry ether (20 g L), and a green solution was obtained.
Upon adding the 2.5-fold volume of dry hexane to the solution, orange crystal needles

precipitated, were filtered off, dried in vacuum and stored at T = 4 °C.

6.2.2 Preparation of metal@PS-PNIPAM nanoreactors

- - - - 132, 156
The synthesis of the nanoreactors was carried out as described previously. ™

Two types of
core-shell nanoreactors have been prepared. The nanoreactors comprise of a polystyrene (PS)
core surrounded by a hydrogel shell of poly-N-isopropylacrylamide (PNIPAM) in which
silver and gold nanoparticles were immobilised, respectively. The nanoreactors with silver
nanoparticles as the active catalyst metal (Ag@PS-PNIPAM) comprise negatively charged PS
core particles (APS). In contrast, the nanoreactors with gold nanoparticles as the active
catalyst metal (Au@PS-PNIPAM) comprise positively charged PS core particles (CPS). All
syntheses of the PS cores, the CPS growth process and the PNIPAM shells were carried out in
500 ml triple-neck flasks equipped with an overhead stirrer with a moon-shaped stirrer blade,
a reflux condenser and an additional opening to add the reactants. Mass concentrations c,,

were calculated from the solid fraction, assuming a density of p, = 1¥10°g m™ for all particle

dispersions.

6.2.2.1 Preparation of polystyrene core particles

The PS core particles were prepared by emulsion polymerisation. A mixture of the surfactant
(CTAB for CPS and SDS for APS, respectively), styrene and NIPAM, dissolved in 250 ml
H,0, was stirred for 5 minutes and heated to T = 80 °C. After the reaction reached the desired
temperature, the initiator (V50 for CPS and KPS for APS, respectively), dissolved in 20 ml
H,0, was added and the mixture was stirred at 250 rpm for 8 hours. Subsequently, the
reaction was cooled down to room temperature and filtered over glass wool. Purification was
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done by ultrafiltration until the permeate reached a conductivity of o <30 puS cm™. The
amounts of reactants applied for the respective particles, the hydrodynamic particle radii ry

and the mass concentration ¢, of the purified suspensions are given in Table 10.

Table 10: Applied amount of reactants, mass concentration of the product suspensions and hydrodynamic

radii 3 of the obtained particles.

APS CPS
Mstyrene / g 30 30
Myrpam ! & 1.63 1.63
Merap! 8 - 0.2
Myso/ & - 0.3
Mmgps/ & 0.45 -
Mmgps/ g 0.3 -
V20! L 0.27 0.27
ry/ nm 53 30
cm /gL 67.6 90.6

6.2.2.2 Polystyrene core — growth process

For the CPS core particles, it was necessary to grow the particles obtained after the synthesis
described in the previous chapter. V50 (0.3 g; dissolved in 20 ml H,O) was added to a
suspension of the precursor CPS core particles (1.58 g) in 210 ml H,O, mixed for 5 minutes
and heated to T =80 °C. After the desired temperature was reached, NIPAM (1.63 g;
dissolved in 30 ml H,O) and styrene (30 g) were added simultaneously over 5 hours with two
syringe pumps at a rate of 6 ml h™ while stirring at 250 rpm. Subsequently, the mixture was
stirred for another 3 hours at T = 80 °C before cooling down and filtering over glass wool.
Purification was done by ultrafiltration until the permeate reached a conductivity of
o <2 pS cm’™. The obtained particles had a hydrodynamic radius of r; = 71 nm and the mass

concentration of the purified particle suspension, denoted CPS2, was ¢, = 49.3 gL

6.2.2.3 Preparation of the PNIPAM shell

The core-shell particles were prepared by seeded emulsion polymerisation. A mixture of the
precursor core particle solution, NIPAM, Bis and additional water was stirred for 15 minutes
to guarantee complete dissolution of the monomer and crosslinker. After that the mixture was

heated to T = 80 °C, the initiator (V50 for CPS and KPS for APS, respectively), dissolved in
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20 mL H,0, was added, and the reaction was stirred at 250 rpm for 4.5 hours. Then the
reaction was cooled down to room temperature and filtered over glass wool. Purification was
done by ultrafiltration until the permeate reached a conductivity of ¢ <2 uScm™. The
amount of reactants applied for the respective particles, and the mass concentration ¢, of the

purified suspensions are given in Table 11.

Table 11: Applied amount of reactants and mass concentration of the product suspensions.
APS-PNIPAM CPS-PNIPAM
Myps/ & 1.92 -
Mgps/ g 0.3 -
Mepsa | 8 - 4.93
Myso/ & - 0.193
Myipam! g 2.10 5.37
Mpis | g 0.072 0.184
Viao! L 0.14 0.16
cm /gL’ 4.2 15.3

6.2.2.4 Preparation of metal nanoparticles inside the PNIPAM shell

The metal precursor (AgNO;3; and H[AuCly] dissolved in 30 ml and 20 ml H,O, respectively)
was added dropwise to the core-shell particles, suspended in 260 (APS-PNIPAM) and 460 ml
H,O (CPS-PNIPAM), over 30 minutes, respectively. After stirring for another 2 hours, the
mixture was degassed with nitrogen for 30 minutes and cooled with an ice bath. NaBH, was
dissolved in 20 mL H,O and added dropwise over 30 minutes. Subsequently, the reaction was
stirred for another 30 minutes before the ice bath was removed. After warming to room
temperature, the mixture was filtered over glass wool and cleaned by ultrafiltration until the
permeate reached a conductivity of ¢ < 1 pS cm™. Table 12 shows the applied amounts of

reactants and the mass concentration c,, of the final, purified nanoreactor suspension.

Table 12: Applied amount of reactants and mass concentration of the product suspensions.

Ag@PS-PNIPAM  Au@PS-PNIPAM

Maps_pnipam ! 107 g 300 _
Meps—pnipam | 107 g - 500
Magno, /107 g 45 -
Mylauct,] / 10° g - 50
Mpys /107 g 60 100
Vio!/ L 0.31 0.50
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Ag@PS-PNIPAM Au@PS-PNIPAM
cm/ gL’ 0.194 0.738

6.2.2.5 Ultrafiltration

Ultrafiltration was performed to remove residual reactants and free polymer chains from the
nanoparticle dispersions. Therefore, the raw product was filled in 500 mL and 100 mL
cylindrical cells with a diameter of 90 and 50 mm (equipped with a magnetic stirrer to prevent
sedimentation), respectively. Millipore water was fed into the cell with a pressure of
approximately 1 bar from the top. After passing through the membrane at the bottom of the
cell, the serum was collected to measure the conductivity. The purification was terminated
after a certain threshold was undercut; for the respective threshold values see chapters 6.2.2.1
to 6.2.2.4. Filter membranes with different pore sizes were selected, depending on the

individual particle size of each batch. Table 13 shows the applied cellulose nitrate membrane

filters.

Table 13: Membrane filters used for ultrafiltration.

diameter / mm company pore size / nm
90 Millipore 50, 100 and 220
50 and 90 Whatman 200

6.3 Characterisation

6.3.1 Transmission electron microscopy

Transmission electron microscopy (TEM) was conducted on a JEM-2100 microscope (JEOL)
equipped with a LaBg cathode. The microscope was operated at an acceleration voltage of
200 kV and images were recorded with a Tem Cam-F416 camera (TVIPS) and further
processed with ImagelJ v.1.49 (Wayne Rasband, National Institute of Health, USA).

Normal TEM operation mode was used to check the shape and dispersity of the synthesised
particles. Samples were prepared by dropping 4 pL of the particle suspension (0.1 wt%) on
CF 200 Cu grids (200 mesh; EMS) which were pre-treated by glow discharge for about one
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minute to increase the wettability. After drying, the grids were loaded on an EM 2010 sample
holder (JEOL) and images were obtained with the EM-Menu software v.4.0 (TVIPS).

Cryo-TEM was used to investigate the morphology of the prepared nanoreactors and the size
and distribution of metal nanoparticles. Samples were prepared on lacey carbon grids
(200 mesh Cu; Science Services) which were pre-treated by glow discharge for about one
minute. 4 uL of the sample (0.1 wt%) was applied on a grid and vitrificated in liquid ethane
with a Vitrobot™ (FEI). The blotting conditions were blot force =0 N, blot time =1,
humidity = 100%, wait and drain time =0s and T =5 °C. For cryogenic measurements, the
grids were loaded on a Gatan 914 holder (Gatan), and pictures were recorded using the

SerialEM software.’'®

Four hundred nanoparticles were measured with ImagelJ, and their size was averaged to obtain
the mean particle radius ryp of the metal nanoparticles inside the nanoreactors, given in

chapter 4.1.
6.3.2 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on an STA 409PC Luxx (Netsch) to
determine the metal fraction of the nanoreactors. For a typical measurement, about 15 mg of
previously freeze-dried sample was filled into a crucible and heated to 800 °C. The
measurements were conducted with a heating rate of 10 Kmin"' under argon flow
(30 mL min™"), and the temperature was held constant at 800 °C for 1 hour. The weight loss of
the microgels with and without metal nanoparticles was measured, and the residual mass of
the pure polymer was considered in the calculation of the metal fraction. From the TGA
measurement of the core-shell nanoreactors before the synthesis of metal nanoparticles, the
relative mass loss of the pure polymer f4s5,01 Was obtained. The TGA measurement of the
nanoreactors after the synthesis of metal nanoparticles inside the shell yielded a relative mass
loss fi0ss,yg Which was only caused by the mass loss of the polymer. From the ratio of the
latter and fjos5p01, the polymer fraction of the nanoreactor was obtained, and the metal

fraction f,,, of the nanoreactor was calculated according to

fm — 1 _ floss,NR (61)

floss,pol
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The relative mass losses were fos5por = 0.982 and fi455 vr = 0.885, yielding a metal share of
fm = 0.099 for Ag@PS-PNIPAM, and fi555p01 = 0.979 and fos5 g = 0.946, yielding a metal
share of f,,, = 0.034 for Au@PS-PNIPAM.

6.3.3 Dynamic light scattering and zeta potential

DLS and zeta potential measurements were carried out on a Zetasizer Nano ZS ZEN 3500

(Malvern Instruments) equipped with a He-Ne Laser (4 = 633 nm).

DLS measurements were performed in PS cuvettes (VWR) at a mass concentration of
50 mg L', using Millipore water for dilution and analysed with the proprietary Zetasizer
Software v.7.11 (Malvern Instruments). For a typical measurement, ten runs of 30 s duration
were measured at a scattering angle of 173° and averaged. For the thermoresponsive core-
shell microgels, temperature-dependent measurements with a range from 10 to 50 °C and a

step size of 2.5 °C were conducted.

The software transfers the Brownian motion induced light scattering intensity fluctuations into

a first order autocorrelation function

g'(q ) =e"", 6.2)

where g is the wave vector, 7 is the decay time, and I is the single exponential decay rate (for

monodisperse particles). With the decay rate, the diffusion coefficient is obtained via
I' = Dg? (6.3)
to obtain the hydrodynamic radius ry with the Stokes-Einstein equation (4.44).

The zeta potential of the PS core particles was measured in DTS1070 folded capillary cells
(Malvern Panalytical) at a mass concentration of 100 mg L™, using Millipore water and
analysed with the proprietary Zetasizer Software v.7.11 (Malvern Instruments). Measurements
were performed in auto-mode at a scattering angle of 173°. To measure the zeta potential, an
electric field is applied to the nanoparticle dispersion, causing the particles to move. The
electrophoretic mobility U, of the particles is determined via the Doppler shift of the laser
light scattered from the moving particles, and the zeta potential { is calculated with the Herny

equation
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U, = % (6.4)

where f, is the Henry function. The results for the particle sizes and zeta potentials are given

in chapter 4.1.
6.3.4 UV-Vis spectroscopy

The spectroscopic measurements were recorded on an Agilent 8453 UV-Vis spectrometer
(Agilent). For a measurement, samples were either filled into or directly mixed in 110-QS
cuvettes (Hellma) which can be tightly closed with a stopper. Stopped-flow measurements
were conducted in the thermostatted cuvette attached to the stopped-flow apparatus. The
spectrometer is connected to a K6s-NR thermostat (Huber) to adjust the temperature to

AT <£0.1 °C.

Sample

Light sources

Holographic

Photodiode .
grating

array
detector

Figure 28: Schematic setup of the optical path of the Agilent 8453 spectrometer.*”

The Agilent 8453 spectrometer has two light sources which both emit on the same optical
axis. A holographic reflection grating disperses the light on a photodiode array detector and
enables full spectra to be recorded at time intervals of At = 0.5 s with a nominal spectral slit
width of 1nm. The setup of the spectrometer is illustrated in Figure 28. To cover a
wavelength range from 4 = 190 to 1100 nm the spectrometer uses two lamps, a deuterium

lamp that covers a wavelength range from A = 190 to approximately 800 nm, and a low-noise
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tungsten lamp, emitting from A = 370 to 1100 nm. The light of both lamps passes the source
lens (1) followed by the shutter/stray light filter (2) before it passes through the sample.
Afterwards, the light passes the spectrograph lens (3) and a slit (4) before it reaches the
holographic grating where the light is diffracted and dispersed onto the diode array detector
where all wavelengths are recorded simultaneously. Prior to sample measurements, a
reference spectrum of the pure solvent is recorded as a baseline and automatically subtracted

from the measurements.

The measurement principle of UV-Vis spectroscopy is based on the excitation of valence
electrons from their ground state into an excited state through photon absorption. To absorb a
photon, the energy difference between the ground state and the excited state needs to
correspond to the photon energy. The higher the energy difference between those two orbitals,
the higher the photon energy needs to be, thus, the shorter its wavelength and vice versa.
UV-Vis spectroscopy offers the possibility to distinguish between different species by the
shape of their spectra as well as the quantitative determination of concentrations based on
reference measurements. For that, the transmitted light intensity I, r relative to the initial
intensity Ip,, o 1s recorded for each wavelength and correlated with the concentration c¢; via the

Beer-Lambert law

Abs(1) = logy, (”W"’) =e(A) ¢ d, (6.5)

1 hv,T

where Abs(A) is the wavelength-dependent absorbance, (1) is the wavelength dependent
molar extinction coefficient and d is the optical path length inside the sample. The Beer-
Lambert law is applicable at low concentrations where a linear relationship between
extinction and concentration is observed. At higher concentrations, multiple absorption and
emission of photons becomes more probable and leads to a nonlinear relationship between

concentration and extinction, making a simple concentration determination impossible.

6.3.5 Calculation of the metal surface area per unit volume

The ratio of the metal surface area to the mass of the metal nanoparticles 7 /p,, with units of
[m? L], is required to determine the metal surface area per unit volume S. The latter can be
calculated with the radius of the metal nanoparticles ryp given in chapter 4.1 and the density
of the respective metal p; (19.32*¥10°gm™ for gold and 10.49*10°gm™ for silver,

respectively**®) according to
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Anp 4amrip 3

Ta/m = = = 6.6
AIM = Ve pi ;nrﬁ,ppi TNP Pi (6.6)

where Ayp is the surface area of one single metal nanoparticle and Vyp is their volume. The
metal surface area to mass ratio is multiplied by the mass concentration of the final catalyst
suspension ¢,,, given in chapter 6.2.2.4, and the metal fraction of the nanoreactors f;,, given

in chapter 4.1, according to

S= Ta/m fmcm (6.7)

to arrive at the metal surface area per unit volume for the catalyst stock solutions. The
obtained values are S =2.0m” L™ for the Ag@PS-PNIPAM catalyst and S =2.4m>L" for
Au@PS-PNIPAM.

6.3.6 Calculation of the molar mass

In order to determine the molar mass of the core-shell nanoreactors, the mass of one core
particle and the respective shell need to be calculated separately, as they were synthesised
subsequently. The mass of one core particle m.,,. can be determined from its hydrodynamic

radius 1y core determined via DLS and the bulk density of polystyrene pps according to

_ 43
Meore = pPSEHTH,core- (6-8)

The mass of the PNIPAM shell can be calculated by dividing the mass of reactants (which
contribute to the weight of the shell) by the total number of core particles applied in the shell
reaction. The number of core particles applied in the shell reaction n.,,.. can be calculated
according to

_ VeCmcore
Neore = Meore (69)

where V, and ¢y, e are the volume and the mass concentration of the core particle
suspension applied in the shell reaction. For the calculation of the shell mass of one
nanoreactor Mgy, it needs to be taken into account, that during the shell synthesis, a fraction
of the reactants forms side products like free polymer chains. The total mass of these side
products mg ¢, needs to be subtracted from the total mass of reactants m,. .., applied in the

shell reaction. Hence, mgy,;; can be calculated according to
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m _ Mrtot—Mstot _ Mrt—VefsPe (6.10)
shell Ncore Ncore ’

For the determination of the total mass of side products, the crude product suspension after
shell synthesis was centrifuged, and the solid fraction of the supernatant f; was determined.
During centrifugation, only the particles sediment while the side products remain equally
distributed. The mass of side products can then be calculated from f; and the total reaction
volume V,, together with the density of the suspension, approximated by p, = 1*¥10° g m™
(due to overall low concentrations). By adding the volumes of the core particle suspension V,
additional water, and the reactants (NIPAM, Bis and the reaction initiator RI), the total
reaction volume V; is obtained as

Ve = Vo + Vypo + —20AM | TIBIS 4 TIRI (6.11)

PNIPAM PBIS PRI

The volume contribution of the reactants is calculated from their mass divided by the
respective bulk densities. Equation (6.11) does not account for the volume change upon
dissolution of the reactants. However, the volume contribution of the reactants to the total
reaction volume is only ~3%. Therefore, the volume change upon dissolution of the reactants
is negligible. The molar mass of the core-shell nanoreactors before synthesis of the metal

nanoparticles can be calculated according to
MWy, = (Meore + Mgpen) Ny (6.12)

With the metal fraction f,,, calculated in chapter 6.3.2, the molar mass for the particles after

synthesis of metal nanoparticles is derived as

MWy, —
A-f)

MW,,, = (6.13)

The obtained molar masses are MW,,,_ = 4.60*10® g mol™ and MW,,, = 5.11x10° g mol™ for
Ag@PS-PNIPAM, and MW,,_ = 1.63*10° gmol’ and MW,,, = 1.69*10° gmol™ for
Au@PS-PNIPAM.
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6.4 Catalysis

6.4.1 Reduction of 4-nitrophenol

For each measurement, dry borohydride was prepared in a small vial under N, atmosphere to
prevent the uptake of humidity (due to its hygroscopicity). Millipore water and a 4-
nitrophenol (Nip) stock solution (cy;;, = 0.01 mol L") were degassed and subsequently held
under N, atmosphere. Shortly before the reactants were mixed, borohydride was dissolved in

degassed water to yield cgy, = 0.05 mol L' and held under N, atmosphere.

For a typical run, the reaction mixture was prepared directly in the cuvette. The cuvette was
placed inside the thermostatted cuvette holder (AT < 0.1 °C) and purged constantly with N,
(above the liquid surface) to prevent oxygen uptake. First, water and the desired amount of
Nip stock solution were added to the cuvette, followed by the corresponding amount of
borohydride. After that, the catalyst was added, the N, purge was removed, and the cuvette
was simultaneously closed. The cuvette was turned once for mixing, and the measurement
was initiated immediately. Like that, the delay between adding the catalyst (i.e. start of the
reaction) and start of the measurement could be kept below 5 seconds. All experiments were
carried out three times and averaged to obtain more reliable results. Spectra were recorded
every 5 seconds, and the time dependency of the Nip concentration was derived from the

absorption at A = 400 nm.

All measurements were performed at a catalyst concentration of cyzr = 1.2*10™"" mol L,
corresponding to a metal surface area per unit volume of § = 0.0625 m* L™, and with a
measurement volume of 3 mL. One measurement series was conducted at constant
temperature and another one against temperature. For the measurements against temperature,
the reaction mixture was thermostatted for three minutes before addition of the catalyst and

initiation of the measurement. All experiments are listed in Table 14.

Table 14: Applied concentration of reactants in the kinetic experiments with Ag@PS-PNIPAM

nanoreactors. All experiments were carried out three times to obtain more reliable results.

Measurement series | cy;, [mol L cgyga [mol L] | T [°C]
constant T 5%10” 5%10~ 20

97



Experimental

Measurement series | cy;, [mol L' | cgya [mol L] | T [°C]
constant T 7.5%107 5%10” 20
constant T 1*10™ 5%107 20
constant T 5%107 1%10~ 20
constant T 7.5%107 1*10 20
constant T 1%107™ 1¥107 20
constant T 5%107 2%107 20
constant T 7.5%107 2%107 20
constant T 1¥10™ 2%107 20
T-dependent 1#10™ 1%10~ 10
T-dependent 1#10™ 1%10~ 15
T-dependent 1*10™ 1*¥10~ 20
T-dependent 1*10™ 1*¥10~ 25
T-dependent 1*¥10™ 1*¥10™ 30
T-dependent 1#10™ 1#10~ 35
T-dependent 1#10™ 1%10~ 40
T-dependent 1#10™ 1%10~ 45
T-dependent 1*10™ 1*¥10~ 50

6.4.2 Reduction of hexacyanoferrate(I1I)

For the catalytic measurements with hexacyanoferrate(Ill) (HCF), the spectrometer was
connected to an RX2000 stopped-flow apparatus (Applied Photophysics), connected to a
thermostat (AT < 0.1 °C) together with the cuvette holder of the spectrometer.

For each measurement, dry borohydride was prepared in a small vial under N, atmosphere to
prevent the uptake of humidity (due to its hygroscopicity). Millipore water, NaOH solution
(cyaon = 0.02 mol L), and the HCF stock solution (cycr = 0.1 mol L) were degassed and
subsequently held under N, atmosphere. For a typical run, two solutions were prepared
separately and permanently held under N, atmosphere until being transferred to the two drive
syringes of the stopped-flow apparatus (see Figure 18). For the first solution, the amount of
NaCl, required to adjust the ionic strength was added first, followed by the addition of water
and dissolution of the salt. After that, the desired amount of HCF and catalyst were added. For
the second solution, NaOH solution was added to the previously prepared dry borohydride
under N, atmosphere to yield pH = 12.3 and the desired concentration of borohydride. Like
that, a pH of 12 was achieved after 1:1 mixing in the stopped-flow apparatus, suppressing the

proton-catalysed decomposition of borohydride.”!

98



Experimental

After the dissolution of borohydride and proper mixing, the solutions were transferred to the
drive syringes of the stopped-flow apparatus. Before a kinetic measurement was initiated,
both solutions were thermostatted for two minutes. Before each measurement, small aliquots
of the reactant mixtures (~ 0.5-1 mL) were transferred from the loading syringes into the drive
syringes and flushed out through the flow lines of the apparatus three times. This ensured that
no dilution of the reactants took place due to residues of water inside the loading ports and
valves. All experiments were carried out three times and averaged to obtain more reliable
results. A measurement was digitally triggered by the stopped-flow apparatus directly after 1:1
mixing and recorded at A =420 nm. All measurements were performed at a ratio of cgy,/
Cycr = 25 to ensure pseudo-unimolecular reaction conditions. '

Between the experiments, the drive- and stop syringes were emptied and flushed with
Millipore water three times in order to clean the flow lines of the stopped-flow apparatus.
After that, the whole flow circuit was filled with a 2% Hellmanex III detergent solution
(Hellma) and flushed three times. Finally, the apparatus was flushed with Millipore water

thoroughly to remove all impurities prior to the next measurement.

Six measurement series were conducted against catalyst-, HCF-, and borohydride
concentration, ionic strength I,, and against temperature (at two ionic strengths). The
measurement volume of 0.2 mL was determined by the dimensions of the measurement cell of

the stopped-flow apparatus. All experiments are listed in Table 15.

Table 15: Applied concentration of reactants in the kinetic experiments with Au@PS-PNIPAM
nanoreactors. All experiments were carried out three times to obtain more reliable results. The
nanoreactor concentration is stated in multiples of c,, = 1.45*10"> mol L™, corresponding to a

gold surface area per unit volume of S = 8.16*10~ m* L.

Measurement cnr [€m] | cher [mol L] | cgpa [mol L] | Iy [mol L] | T [°C]
vs. catalyst 1 5%10™ 0.25 0.269 20
vs. catalyst 2.5 5%10™ 0.25 0.269 20
vs. catalyst 5 5%10™ 0.25 0.269 20
vs. catalyst 7.5 5%10™ 0.25 0.269 20
vs. catalyst 10 5%107 0.25 0.269 20
vs. catalyst 15 5%107 0.25 0.269 20
vs. catalyst 20 5%10™ 0.25 0.269 20

vs. HCF 5 5%107 0.25 0.296 20
vs. HCF 5 1#10™ 0.25 0.296 20
vs. HCF 5 2%10™ 0.25 0.296 20
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Measurement | cyg [cm] | Cucr [mOI L] | cgpa [mol L] | I, [mol L] | T [°C]
vs. HCF 5 3%10™ 0.25 0.296 20
vs. HCF 5 4*10™ 0.25 0.296 20
vs. HCF 5 5%10™ 0.25 0.296 20
vs. HCF 5 6*10™ 0.25 0.296 20
vs. HCF 5 8*10™ 0.25 0.296 20
vs. HCF 5 1¥107 0.25 0.296 20
vs. HCF 5 1.25%107 0.25 0.296 20
vs. HCF 5 1.5%107 0.25 0.296 20
vs. borohydride 5 1%107 0.025 0.272 20
vs. borohydride 5 1*#107 0.05 0.272 20
vs. borohydride 5 1¥107 0.1 0.272 20
vs. borohydride 5 1¥107 0.15 0.272 20
vs. borohydride 5 1*¥107 0.2 0.272 20
vs. borohydride 5 1%107 0.25 0.272 20
vs. ionic strength 5 5%10™ 0.50 0.065 20
vs. ionic strength 5 5%10™ 0.50 0.075 20
vs. ionic strength 5 5%10™ 0.50 0.085 20
vs. ionic strength 5 5%10™ 0.50 0.100 20
vs. ionic strength 5 5%10™ 0.50 0.125 20
vs. 1onic strength 5 5%10™ 0.50 0.150 20
vs. ionic strength 5 5%10™ 0.50 0.175 20
vs. ionic strength 5 5%10™ 0.50 0.200 20
vs. ionic strength 5 5%10™ 0.50 0.250 20
vs. ionic strength 5 5%10™ 0.50 0.300 20
vs. ionic strength 5 5%10™ 0.50 0.400 20
vs. 1onic strength 5 5%10™ 0.50 0.500 20
vs. 1onic strength 5 5%10™ 0.50 0.600 20
vs. temperature 10 5%10™ 0.50 0.065 10.0
vs. temperature 10 5%10™ 0.50 0.065 15.0
vs. temperature 10 5%10™ 0.50 0.065 20.0
vs. temperature 10 5%10™ 0.50 0.065 22.5
vs. temperature 10 5%10™ 0.50 0.065 25.0
vs. temperature 10 5%10™ 0.50 0.065 27.5
vs. temperature 10 5%10™ 0.50 0.065 30.0
vs. temperature 10 5%10™ 0.50 0.065 32.5
vs. temperature 10 5%10™ 0.50 0.065 35.0
vs. temperature 10 5%10™ 0.50 0.065 37.5
vs. temperature 10 5%10™ 0.50 0.065 40.0
vs. temperature 10 5%10™ 0.50 0.065 42.5
vs. temperature 10 5%10™ 0.50 0.065 45.0
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Measurement | cyg [cm] | Cucr [mOI L] | cgpa [mol L] | I, [mol L] | T [°C]
vs. temperature 10 5%10™ 0.50 0.065 50.0
vs. temperature 10 5%10™ 0.50 0.100 10.0
vs. temperature 10 5%10™ 0.50 0.100 15.0
vs. temperature 10 5%10™ 0.50 0.100 20.0
vs. temperature 10 5%10™ 0.50 0.100 22.5
vs. temperature 10 5%10™ 0.50 0.100 25.0
vs. temperature 10 5%10™ 0.50 0.100 27.5
vs. temperature 10 5%10™ 0.50 0.100 30.0
vs. temperature 10 5%10™ 0.50 0.100 32.5
vs. temperature 10 5%10™ 0.50 0.100 35.0
vs. temperature 10 5%10 0.50 0.100 37.5
vs. temperature 10 5%10 0.50 0.100 40.0
vs. temperature 10 5%10™ 0.50 0.100 42.5
vs. temperature 10 5%10™ 0.50 0.100 45.0
vs. temperature 10 5%10™ 0.50 0.100 50.0

6.5 Fit algorithms

6.5.1 Time-dependent fits

The data were fitted with Mathematica (Wolfram Research) by a genetic approach with
equation (4.5) for the 4-nitrophenol reduction and with equations (4.24) and (4.25) for the

hexacyanoferrate(IIl) reduction.'”® The flow chart of the fit algorithm is shown in Figure 12.
The steps of the program code (attached in the following) are as follows:

1) Import (discrete) experimental data and transfer into continuous data with a spline fit.

2) Define experimental conversion limit to define up to which time t; the data are fitted.

3) Define differential equations and fit parameter p; for the fit.

4) Define range for each fit parameter p;.

5) Derive values in N; equidistant steps for each fit parameter p; within the respective range

and generate starting parameter sets s; of their combinations.
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6) Test the starting parameter sets s; with the target function ej(tl, sj) in equation (4.7).

7) Take the best parameter set s; (for which ¢; (tl, sjf*) is minimal) and mutate by randomly
varying each parameter within the margins of Ap; < + 1% to generate mutant parameter

set s;™.
8) Test mutant parameter sets s;~ with the target function g; (tl, s]?“*).

9) If sj(tl, sj**) < sj(tl, sj*), take mutant parameter set and repeat mutation cycle,

if sj(tl, Sj**) = sj(tl, Sj*), keep old parameter set and repeat mutation cycle.

10) The final result is obtained if no improved parameter set ; (t,, s]f"*) <g (t., s;) is obtained

for ¢, = 200 consecutive mutation cycles.

Program code:

SetDirectory[NotebookDirectory[]];
data0 = Import["HCF red DATA.xlsx", "XLSX"];

KD = Take[dataO[[1, 1]], {2, -1}];

Surf = Take[dataO[[1, 2]1], {2, -1}];

Temp = Take[dataO[[1, 3]], {2, -1}];

Istr = Take[dataO[[1, 4]], {2, -1}];

cBH40 = Take[dataO[[1, 5]], {2, -1};

cHCFO = Take[dataO[[1, 6]], {2, -1}];

I0Data = 0.5*(Length[Take[dataO[[1, 8]], {1, -1}]] - 1);
time = Take[Transpose[Take[dataO[[1]1]1][[1]], {8, -1}];
I0Time = Length[time];

AllData0 =
Table[Transpose[{Table[KDI[[2 i - 1]], {I0Time}],

Table[Surf[[2 i - 1]], {IOTime}],
Table[Templ[[2 i - 1]], {I0Time}],
Table[Istr[[2 i - 1]], {I0Time}],
Table[cBH40[[2 i - 1]], {I0Time}],
Table[cHCFO[[2 i - 1]], {I0Time}], time,
Take[Transpose[Take[dataO[[1]]1][[2 i]], {8, -1}],
Take[Transpose[Take[dataO[[1]]]][[2 i + 1], {8, -1}1}], {i, 1, IOData}];

df[x_] := Transpose[{Transpose[x][[1]],D[Interpolation[x][y], y] /. y -> Transpose[x][[1]]}]

AllDataCNR = Take[AllData, {1, 7}];
AllDataHCF1 = Take[AllData, {8, 18}];
AllDataBH4 = Take[AllData, {30, 35}];
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AllDatalS = Take[AllData, {36, 48}];
AllDataTempl = Take[AllData, {49, 62}];
AllDataTemp2 = Take[AllData, {63, 76}];

relCl =1;

relC2 = 0.5;

PARSTAB = {};

GR={};

k=0;

filename = "cHCF2-series_Global-no-50pct-";
local = {1, 1, 1};

AllData = AllDataHCF2;

DATA = Table[

Select[({#[[7]], #[[8]]} & /@ AllData[[k]]),
relC1l >= #[[2]] >=relC2 &], {k, 1, Length[AllData]}];
DDATA = df[Take[#, {3, -1}]] & /@ DATA,

fitmodelO =
ParametricNDSolveValue[{X'[t] == -((a* X[t]*CNR)/(1 + P[t]*a*b)),
X[0] == 1, P'[t] == (a* X[t])/(1 + P[t]*a*b) CHCFO - P[t]*kOff,
P[O] == O},
X, {t, TINTI, TINTf}, {a, b, kOff, CNR, CHCFO, TINTi, TINTf}];
dfitmodel0 =
ParametricNDSolveValue[{X'[t] == -((a* X[t]*CNR)/(1 + P[t]*a*b)),
X[0] == 1, P'[t] == (a* X[t])/(1 + P[t]*a*b) CHCFO - P[t]*kOff,
P[0] == 0},
X', {t, TINTi, TINTT}, {a, b, kOff, CNR, CHCFO, TINTi, TINTf}];

parsTab =

pT = Flatten[

Table[N[{10%i, 107j, 1071, {i, 9.5, 10.5, 0.25}, {j, -20, -18,
0.25}, {l, -4, 0, 0.25}], 2J;

I0 = Length[parsTab];
step = 0;
RES = {};
resO = 10~100;

Dol
step = step + 1,
ress = {};
k =0;
Dol
k=k+1;
fitmodel[a_, b_, kOff ] :=
Evaluate[
fitmodelO[a, b, kOff, AllData[[k, 1, 2]], AllData[[k, 1, 6]],
DATA[[k, 1, 111, DATA[[k, -1, 11111;
dfitmodel[a_, b_, kOff_] :=
Evaluate[
dfitmodelO[a, b, kOff, AllData[[k, 1, 2]], AllData[[k, 1, 6]],
DATA[[k, 1, 111, DATA[[k, -1, 1]11%;
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res00 =
Mean[1/Transpose[DATA[[K]II[[2]]*
Abs[fitmodel[pT[[step, 111, pTilstep, 211, pTl[step, 3111[
Transpose[DATA[[KI[1]]] - Transpose[DATA[[KII[2]11];
dres00 =
Abs[Mean]
1/Transpose[DDATA[[KIII[[211*
Abs[dfitmodel[pT[[step, 1]], pTilstep, 211, pTl[step, 3111[
Transpose[DDATA[[K]]II[[1]]] - Transpose[DDATAI[KII[21111];
ress = Insert[ress, res00 + dres00, 1];
, {Length[AllData]}];
res = Mean[ress];
If[res < resO, resO = res;
RES = {resQ, pT[[step, 11, pTlstep, 2]], pTlstep, 311}1;
{10}

PARSO = Table[Take[RES, {2, -1}], {Length[AllIDatal}];
ErrO = RES[[1]];

m = 0;
count = 0;
Do[
m=m+1;
count = count + 1;
10 = Length[PARSO[[1]]];
RI = Randomilnteger([{1, 10}];
facl = RandomSample[
Join[Table[RandomReal[{0.99, 1.01}], {RI}], Table[1, {I0 - RI}]],
0];
PARS = (facl*#) & /@ PARSO;
Errs = {};
PARSs = {};
k=0;
Do[
RI2 = Randomlnteger({1, |0}];
fac2 =
RandomSample[
Join[Table[RandomReal[{0.99, 1.01}], {RI2}],
Table[1, {I0 - RI2}]], 10];
faclocal = If[# == 0., 1, #] & /@ (fac2*local);
PARS = (faclocal*#) & /@ PARS;
k=k+1;
fitmodel[a_, b_, kOff_] :=
Evaluate[
fitmodelO[a, b, kOff, AllData[[k, 1, 2]], AllData[[k, 1, 6]],
DATA[[k, 1, 111, DATA[[k, -1, 1]111;
dfitmodel[a_, b_, kOff_] :=
Evaluate[
dfitmodelO[a, b, kOff, AllData[[k, 1, 2]], AllData[[k, 1, 61],
DATA[[k, 1, 111, DATA[[k, -1, 1]111;
Err00 =
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Mean[Abs][
fitmodel[PARS[[k, 1]], PARS[[k, 2]], PARS[[k, 3111[
Transpose[DATA[[KIII[1]]] - Transpose[DATA[KII[211)/
Transpose[DATA[[K]I[[2]1];
dErr00 =
Abs[Mean]
Abs[dfitmodel[PARS[[k, 1]], PARS[[k, 2]], PARS[[k, 31]]I
Transpose[DDATA[[KIIII[1]]] - Transpose[DDATA[[KIII[2111/
Transpose[DDATA[[K]II[[2]11];
Errs = Insert[Errs, ErrO0 + dErr00, 1];
PARSs = Insert[PARSs, PARSI[K]], -1];
. {Length[AllDatal}];
Err = Mean(Errs];
If[Err < Err0, PARSO = PARSs; ErrO = Err; count = 0];
If[count == 200, Break[]];
, {250000}];

6.5.2 Stationary state fits

The data were fitted with Anaconda Suite (Anaconda Inc.) by a genetic approach with

215

equation (4.40).”” The flow chart of the fit algorithm is shown in Figure 12. Other than for

the time-dependent fit, no differential equations are required, no spline fit of the experimental
data is necessary, and no conversion limit needs to be defined. The best 200 parameter sets s;
are subjected to the mutation cycle, and the parameters of all sets are randomly recombined

prior to each mutation step.

The steps of the program code (attached in the following) are as follows:
1) Define equations and fit parameter p; for the model.

2) Define target function g (sj) in equation (4.43).

3) Import experimental data.

4) Define range for each fit parameter p;.

5) Automated fit algorithm differential evolution.

6) The final result is obtained if the relative deviation between the target functions g (s;*) is

below 107,

Program code:
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from pylab import *

from scipy.optimize import differential_evolution
from scipy.integrate import quad

import matplotlib.pyplot as plt

def model_K1_HCF(coef, c_ 0_HCF, c_BH4, 1.0):

P=coef[0]

k_off=coef[1]

K_R=coef[2]

K_B=coef[3]

R_core=7.09e-8

R_shell=14.8233e-8

T=293.15

e_r=80.22503

k_1= f/s*(K_NRSS(P, K_R, R_core, R_shell)*c_NR)

k_2=1/(1+K_NRSS(P, K_R, R_core, R_shell)**2/k_off*E_pert(P, K_B, T, e_r, c_ BH4, 1.0, R_core,
R_shell)*c_0_HCF)

kl=k_1*k_2

return k1
def model_K1_BH4(coef, c_0_HCF, c_BH4, 1.0):

P=coef[0]

k_off=coef[1]

K_R=coef[2]

K_B=coef[3]

R_core=7.09e-8

R_shell=14.8233¢-8

T=293.15

e_r=80.22503

k_1= f/s*(K_NRSS(P, K_R, R_core, R_shell)*c_NR)

k_2=1/(1+K_NRSS(P, K_R, R_core, R_shell)**2/k_off*E_pert(P, K_B, T, e_r, c_BH4, 1.0, R_core,
R_shell)*c_0_HCF)

kl=k_1*k_2

return k1
def model_K1_I0(coef, c 0_HCF, c_ BH4, 1_0):

P=coef[0]

k_off=coef[1]

K_R=coef[2]

K_B=coef[3]

R_core=7.09e-8

R_shell=14.8233e-8

T=293.15

e_r=80.22503

k_1= f/s*(K_NRSS(P, K_R, R_core, R_shell)*c_NR)

k_2=1/(1+K_NRSS(P, K_R, R_core, R_shell)**2/k_off*E_pert(P, K_B, T, e_r,c_BH4, 1_0, R_core,
R_shell)*c_0_HCF)

kl=k_1*k_2

return k1

def E_pert(P, K_B,T,e_r, c_B, I O,R_core, R_shell, K_A=0.96399,|_b=7.102e-10):
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El=z_r*z_p*I_b/(4*pi*N_a*P)*exp(K_g(K_B,T,e_r, c_B, 1.0, K_A)*R_core)/(1+(K_g(K_B,T,e_r, c_B,
1. 0,K_A)*R_core))
E2=integral(K_B,T,e_r,c_B, 10, R_shell, R_core,K_A)
return E1*E2
def integrand(r, kg):
return exp(-kg*r)/r**3
def integral(K_B, T, e_r, ¢_B, I_O,R_shell, R_core, K_A):
if len(shape(I_0)) >0:
I=[]
foriin range(0, len(I_0)):
kg=K_g(K_B, T, e_r,c_B, I_O[i],K_A)
Lappend(quad(integrand, R_core, R_shell, args=kg)[0])
elif len(shape(c_B)) >0:
I=(]
foriin range(0, len(c_B)):
kg=K_g(K_B, T, e_r,c_B[i], 1_0,K_A)
Lappend(quad(integrand, R_core, R_shell, args=kg)[0])
else:
kg=K_g(K_B, T, e_r,c_B, _0,K_A)
I=quad(integrand, R_core, R_shell, args=kg)[0]
return array(l)
def K_g(K_B, T, e_r, c_B, 1.0, K_A):
return sqrt((2*10**3*pi*N_a*el**2*]_g(K_B, c_B, I_0,K_A))/(e_r*e_0*k_b*T))
defI_g(K_B,c_B, I_0,K_A):
return sqrt(I_0*K_A*(I_0*K_A+(K_B-K_A)*c_B))
def K_NRSS(P, K_R, R_core, R_shell, D_0=7.15e-10):
K_D=4*10**3*pi*N_a*D_0*R_core/(1+(D_0/P-1)*(1-R_core/R_shell))
k=1/(1/K_D+1/K_R)
return k
def chi(coef, data):

data_HCF=data[0]

data_BH4=data[1]

data_I0=data[2]

modell=abs(model_K1_HCF(coef, array(data_HCF[0]),0.25 ,0.2958)-
array(data_HCF[1]))/array(data_HCF[1])

model2=abs(model_K1_BH4(coef,1e-3 ,array(data_BH4[0]) ,0.2718)-
array(data_BHA4[1]))/array(data_BHA4[1])

model3=abs(model_K1_I0(coef, 5e-4,5e-2, array(data_I0[0]))-array(data_I0[1]))/array(data_IO[1])

model=concatenate((modell/len(modell),model2/len(model2), model3/len(modell)))

return sqrt(dot(model,model))

k_b=1.381*1e-23
N_a=6.022*1e23
e_0=8.854*1e-12
el=1.602*1e-19
R_gas=8.314462
z_r=-3

z p=-4

f=0.576
s=8.16e-2

107



Experimental

¢ NR=1.44515E-11
x=[]
y=[l

datei=open("filename").readlines()

daten=[]

foriin range(0, len(datei)):
x.append(float(dateili].split()[0]))
y.append(float(datei[i].split()[1]))

daten.append([x,y])

datei=open("filename").readlines()

x=[]

y=Il

foriin range(0, len(datei)):
x.append(float(dateili].split()[0]))
y.append(float(datei[i].split()[1]))

daten.append([x,y])

datei=open("filename").readlines()

x=(]

y=Il

foriin range(0, len(datei)):
x.append(float(dateili].split()[0]))
y.append(float(datei[i].split()[1]))

daten.append([x,y])

bounds=([1e-12,1e-07], [0.1, 10000000], [1e7, 1el5], [0.961,100])

result=differential_evolution(chi, bounds, args=[daten], disp=True, popsize=50, maxiter=1500, tol=1e-

9)

def arrhenius(Ea, T):
return exp(-Ea/R_gas*(1/(T)-1/293.15))
def model_T(P, k_off, K R,K_B, c.0_HCF, c_ BH4,1.0,T, e_r, K_A, R_shell, D_0, Ib):
R_core=7.09e-8
k_1= f/s*(K_NRSS(P, K_R, R_core, R_shell,D_0)*c_NR)*1/(1+K_NRSS(P, K_R, R_core, R_shell,
D_0)**2/k_off*E_pert(P, K_B, T, e_r, c_BH4, 1.0, R_core, R_shell, K_A, Ib)*c_0_HCF)
return k_1

bounds_T=[]

foriin range(0, 14):
bounds_T.append([le-12, 1e-7])

bounds_T.append([0, 1e6])

T=array([283.15,288.15,293.15,295.65,298.15,300.65,303.15,305.65,308.,310.65,313.15,315.65,318.15,323
15))
M2=array([6.12E-01,6.61E-01,6.65E-01,6.13E-01,4.78E-01,3.67E-01,2.98E-01,3.00E-01,3.44E-01,3.97E-
01,4.48E-01,5.18E-01,5.99E-01,7.22E-01])

M1=array([1.09E+00,1.07E +00,9.71E-01,8.59E-01,7.38E-01,5.46E-01,3.65E-01,4.23E-01,4.67E-01,5.36E-
01,6.57E-01,6.83E-01,8.41E-01,9.30E-01])
k_B=array([2.822106246,2.821989232,2.82,2.813300968,2.785773504,2.67747736,2.314705754,1.54926
0884,0.828017925,0.514538325,0.424145271,0.401415367,0.395915725,0.3942482811)
e_r=array([83.97254,82.0793,80.22503,79.31251,78.40973,77.51669,76.63339,75.75983,74.89601,74.041
94,73.1976,72.36301,71.53816,69.91768])
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K_a=array([0.96471,0.96467,0.96399,0.9617,0.95229,0.91527,0.79126,0.5296,0.28305,0.17589,0.14499,0.
13722,0.13534,0.13477])
R_shell=array([1.56350E-07,1.52967E-07,1.48233E-07,1.43617E-07,1.37467E-07,1.28550E-07,1.10583E-
07,9.90667E-08,9.71833E-08,9.62500E-08,9.61833E-08,9.54167E-08,9.49000E-08,9.39333E-08])
D_O=array([5.296E-10,6.188E-10,7.150E-10,7.657E-10,8.183E-10,8.727E-10,9.289E-10,9.869E-10,1.047E-
09,1.108E-09,1.172E-09,1.237E-09,1.304E-09,1.444E-09])
|_b=array([7.025E-10,7.062E-10,7.102E-10,7.123E-10,7.145E-10,7.167E-10,7.190E-10,7.213E-10,7.237E-
10,7.262E-10,7.287E-10,7.312E-10,7.339E-10,7.392E-10])

prev_coef=[6.413e-11, 4.4e4,6.59e14,2.82]

def chi_T(coef_T, daten, prev_coef, k_B, e_r, K_a, R_shell, D_0, I_b):
T=daten][0]
M1l=daten[1]
M2=daten[2]
P_20, k_off_20, k_R_20, k_b_20 = prev_coef
modelTl=zeros(len(coef T)-1)
modelT2=zeros(len(coef_T)-1)
foriin range(0, len(coef_T)-1):
modelT1[i]=model_T(coef_T[i],k_off_20*arrhenius(coef_T[-1], T[i]), k_R_20, k_B[i], 5e-4, 5e-2, 0.1, T[i],
e_r[i], K_alil, R_shell[i], D_O[i], I_b[i])
modelT2[i]=model_T(coef TI[i],k_off_20*arrhenius(coef T[-1], T[i]), k_R_20, k_B[i], 5e-4, 5e-2,
0.06445,T[i], e_rlil, K_ali], R_shell[i], D_O[i], L_b[i])
res=(abs(modelT1-M1)/M1 + (abs(modelT2-M2)/M2))
residua=sqrt(dot(res,res))/(len(T)*2)
return residua

result_T=differential_evolution(chi_T, bounds_T, args=[[T, M1,M2], prev_coefk_B, e_r, K_a, R_shell, D_0,
I_b], disp=True, popsize=5, maxiter=1000, tol=1e-9)
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7. Appendix

7.1 Literature tables

Table 17 to Table 19 below provide an overview of catalysts with various architectures,
applied in the reduction of 4-nitrophenol on gold, silver and other metals, respectively. Listed
are only catalysts where the existence of isosbestic points is depicted graphically in the
particular reference. The tables state the particular reference, the support and its structure, the
kinetic constant, the existence of isosbestic points, the size and shape of the active metal
catalyst particles, and the temperature at which the kinetic constant was measured (if given in
the reference). The existence of isosbestic points is either indicated “Yes” or “No” where a
clear decision was possible; otherwise, a tendency is given in brackets. For more complex
architectures of the gold- and silver-based catalysts, the location of the active metal is
indicated in the “support” column. However, it is not always possible to state the location
clearly in the compendious description of the support architecture. In Table 19, the used
metal(s) is always stated. Potentially thermoresponsive catalysts are indicated “*”. The
reaction rate in the different references is given in the form of different kinetic constants
explained in Table 16. All given kinetic constants were obtained from the reduction of 4-

nitrophenol with borohydride in aqueous solution where not stated otherwise.

Table 16: List of kinetic rate constants given in the different references.
constant description units
kapp pseudo first order apparent reaction rate constant s
k4 pseudo first order apparent reaction rate constant

normalised to metal surface area per unit volume Lm?”s’
ko zero order reaction rate constant mol L 57!
ki rate constant based on own kinetic model'"' L" mol™s™ (n> 0)
Kmass pseudo first order apparent reaction rate constant

normalised to mass of catalyst st gt
Kc—mass pseudo first order apparent reaction rate constant

normalised to mass of catalyst per unit volume Lg's!
Kot pseudo first order apparent reaction rate constant

normalised to concentration of catalyst L mol” s
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k., pseudo first order apparent reaction rate constant
normalised to molar amount of metal atoms mol” s
ki_y rate constant based on Langmuir-Hinshelwood model'”  molm?s’!
k; rate constant based on Langmuir-Hinshelwood model”” ~ mol m™s™
TOF turnover frequency !
Table 17: List of references of the nitrophenol reduction on gold catalysts. For more complex
architectures, the location of the active catalyst is indicated in the “support” column.
support; kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
i 10
51 waver ky = 6.0%107 Yes 20
Fu et al., macroscopic support polyhedral
2016'7 macroscopic glass tube No
flow experiment
Heetal, | PMIMC@PDMAEMA | kgpp = 1.8%107 No 1.5+02 | 25
2015”7 hairy hollow spheres* kapp = 3.0* 10° spherical 55
t al. ibbsite@PDA I1.
Caoetal, gibbsite@ k, = 8.0%102 Yes / RT
2015 hexagonal platelets spherical
Kapp = 1.2%107 35
Kapp = 2.4%107 10
Fenger et CTAB kapp — 6.1%10° No 13
al., 2012'"" | small ligand molecules app .
kapp = 1.0%10 56
spherical
Y:
amamoto N.N-DMF }
et al., 1 lieand molecul kapp = 3*10 No - -
2012% small ligand molecules
Han et al. PANI - 2
’ kopp = 1.2%10 N RT
2010% nanofibers app © spherical
Saha et al., Ca-alginate 8 5+£2
) ko =2.8*%10 Y ) -
2010** microsphere beads 0 ° spherical
Wu et al., Au@PNIPAM 4 15+3
= 2.2%1] Y 2
20127 yolk-shell structure* ey 0 ° spherical 0
Zhao et al. 1,2,3-triazole-mPEG 3 12.6+3
’ 7 kapp = 5.2%10 N ) 25
2013 ligand molecules app © icosahedral
kapp = 1.2%10” 100 + 22
Rashid et Fey(NH3)y citrate kapp = 3.5%107 Ves 158 +49
al., 2008%** | small ligand molecules | k app = 1 1*1072 ) 124 + 24
polyhedral
Rashid et Bix(NHs)y citrate Kapp = 2.1¥10° | No 80 £ 60 15
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
al., 2006 | small ligand molecules spongy,
spherical
Zhang et PS@PDMAEMA Kapp = 3.2%107 No 41 ]
al., 2007 spherical polymer brush* spherical
citrate 20
) - Yes ) 25
Panigrahi et | small ligand molecules ° spherical
al., 2007""* citratetseralite SRA-400 kapy = 1.6%10% | No 20 55
commercial resin beads spherical
Fedorczyk PDACz 200
et al., macroscopic electro- ko = 9.3*%10® No nanoflowers -
2015'" deposited polymer film
1,2,3-triazole-PEG-2
, ,3. triazole-PEG-2000 k, = L7102 No 3. 13
ligand molecules spherical
PEG-2000-1,2,3-triazole- 3
CH,-O-CH,-TTEGb ky = 1.4%107 No , 13
. spherical
ligand molecules
1,2,3-triazole-PEG-2000 6
22 razole-PEG ky = 43%10° | No . 20
ligand molecules spherical
Ciganda et | polymeric 1,2,3-triazole- 16
al., 2014" PEG k, = 1.9%107 Yes " 20
. spherical
polymeric ligands
HS-PEG-530 ky = 1.0%107 No 5> 20
ligand molecules spherical
HS-PEG-2000 3 13.5
k; =3.0%10 Yes 2
ligand molecules 1 - spherical 0
citrate 4 13.5
= 4.0*%1 Yes 2
small ligand molecules g 0%10 - spherical 0
Seo et al. PEG-5000-h-PAA-6700 3 10+4
’ kapp = 5.6%10 Y
2013 DHBC micelles app (Yes) spherical 30
Chen et al. PS-b-P4VP 4 15
’ kapp = 9.6%10 Y 2
2008 micelles app (Yes) 1 pherical 0
Huang et a-CD 3 11.2+1.1
kapy, = 4.7%10 2
al., 20097° | small ligand molecules app No spherical 3
Villalobos et PTSC 4 2.9
kapp = 1.6¥10 Yo RT
al., 2014* polymer membranes app ° spherical
Fangetal.,, | PEI/PVA (electrospun) No 11.8+£3.3
20117 nanofiber mats spherical
Li et al. PGMA@PAH 12+3
’ kp; =499 N 22
2013 microsphere beads Lt © spherical
Biondi et imidazolium containing 3 23+0.5
kapp = 9.1%10 -
al., 2011' | polyelectrolyte ligands app (No) spherical
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reference support; Kinetic isosbest. | size/nm; T/
structure constant points shape °C
Esumi et PAMAM-GS5 3 6.8+1.9
kapp = 2.4%10
al., 2003'? dendrimers app No spherical 15
Ismail et TiO, 3
kaopp = 7.1%10 N - 25
al., 2012'%° mesoporous structure app (No)
hydrqtalmte kapp = 1.0%1 02 No 21. ”
Hallet commercial product spherical
allet-
-Al
Tapley et 7-ALO; kapp = 7.5%10° | No 30 23
Al 201122 commercial product spherical
’ TiO, P25 3 33
kapn, = 2.0¥10 N 23
commercial product app (No) spherical
Kapp = 2.0%107 2403
Lin ot al PVP stabilised AuNP | kgpp = 2.6¥107 3.4+0.6
2013230" loaded on commercial | kg, = 1.8% 102 Yes 57+1.4 25
7-ALO3 Kapp = 1.5%107 82+3
spherical
. 10,- T £0.
Shao e;;:l , Fe;04@Si0,-Au@C kapp = L1%1 02 Yes 3.7 .O 8 )
2016 yolk shell structure spherical
Kapp = 9.3%107 143+53
iong et Fe;Os@carboxylated | kg, = 4.2%107 No 24.1+6.1 25
Al 2 Of 4171 cellulose spherical
N amorphous structure 3+8.
P kapp = 6.7410° | Yes | 2SI EEE o
spherical
Hu et al., Fe;04@Si0, 2 5
kopp, = 1.0¥10 N RT
2013%2 microspheres app 0 spherical
FG304@C602 kmass =35.7 Yes RT
Wang et al., microspheres *107
2013%% Fe;04@SiO>@Ce0; Kpmgss = 7.3 Ve RT
microspheres *107
. MPA stabilised Au NP
Lietal., o 2
20133 loaded on zeolithic - Yes spherical -
imidazole framework P
Wang et al., Au@HMSM 2 21
TOF = 1.1*1 Y 2
2011%° yolk shell structure 0 0 ° spherical !
Wei et al. Si0, ordered 4 4
’ kapp = 9.7%10 Yo 2
2011%¢ mesoporous structure app ° spherical .
Guetal,, SiO,@Au 3 4+£2
kapp = 7.5%10 N 23
2013%7 hollow microspheres app © spherical
Lin et al., NH,-Si0,@Au 2 5
kopp, = 1.2*%10 N 25
20127* | functionalised nanotubes | = “PP © spherical
Zheng et Fe;04@SiO, Kapp = 1.4%107 | Yes 5 25
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
al., 2013* Sn” -grafted magnetic spherical
microspheres
Fe304@Si02
Zhu et al. 3 4
’ PAH-Au-PSS kap, = 3.0%10 Y RT
2011*% @ .. Y app - spherical
magnetic microspheres
Kpmass = 4.1%10° 5+1.2
Jin et al., NiSiO Kmass = 4.9%10° Ve 4+0.9 ]
20144 nanoflowers Kmass = 5.3%107 ] 2.7+0.6
spherical
Jin et al. YSiO@Au 2 3.6+£0.9
’ kapp, = 1.2%10 Y -
2014**% hollow nanospheres app ° spherical
Gangula et breynia rhamnoides 3 25
kapp = 9.2%10 N -
al., 2011*% plant extract app © spherical
Das et al., rhizopus oryzae 3 5
kopp, = 1.7%10 N 2
2012** fungus protein extract app © spherical 0
Xia et al., DPS No 4.5+0.5 )5
2013 small ligand molecules spherical
Wang et al. P4VP-b-PNIPAM 3 33+£0.2
’ kapp = 1.5%10 N 25
2007° micelles* app © spherical
Pich et al., P(AAEM-VCL) 3 -
kopp, = 1.2*%10 Yes 2
2006% copolymer microgel* app - spherical 0
Liu et al,, P(DVB-AA) 10
246 . - Yes : 25
2006 copolymer microspheres spherical
Jia et al. a-CD-PVCL 2 -
’ k, =2.5*10 N RT
2015'"7 microgel ! (No) spherical
Kuroda et PMMA 1 6.9+5.5
=5.1*1 Yes 22
al., 2009'* | commercial microspheres k=3 0 - spherical
Shin et al., | Au/Au@polythiophene ko —6.5%10" Ves 2 sizes )
2012%% polymer microspheres app spherical
Zhang et SH-PDMAEMA 2 5
kapp = 1.9%10 Y -
al., 2012%* ligand molecules app (Yes) spherical
Chen et al., Au@Si0,@PNIPAM 2 5
kany, = 1.0%1
2012*% porous microspheres app 0%10 Yes spherical 30
. Fe;04@P(NIPAM-
Liu et al. 1
et DMAEMA) Kapp = 24%10° | Yes 0 20
2015 . spherical
core-shell microgel*
Nongwe et | Au@mesoporous carbon 3 15+£3
kapp = 7.0¥10 N RT
al., 2014*° yolk shell structure app © spherical
Shi et al., SH-P(NIPAM-MAA) 3 3.9+0.6
kapy, = 1.4*%10 Y 30
20147 copolymer microgel* app ° spherical
Wu et al., Au@P(NIPAM- Kapp = 2.0¥10° | No 7+3 30
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
2015" VPBA-AAm) spherical
copolymer microgel*
Mahamallik .
- +
etal, S10-CTAB kapp = 2.1¥107 | No ST Ry
20152 commercial silica gel spherical
Wu et al. ) 3 10
’ h kop, = 6.1%10 N RT
201322 graphene oxide app © spherical
Wu et al., Au@SiO, 3 33+£0.6
k, =4.8*%10 Y 25
2011'"® yolk shell structure 1 - spherical
Wu et al., EGCG grafted collagen 3 10.7+ 3.8
kapp = 2.4*%10 Y
2011%3 fibers app ° spherical 25
Table 18: List of references on the nitrophenol reduction on silver catalysts. For more complex
architectures, the location of the active catalyst is indicated in the “support” column.
support; kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Saha et al., Ca-alginate 7 7+2
ko = 1.7*%10 Yo ) -
2010°* microsphere beads 0 ! - spherical
Luetal, PS@PNIPAM 3 85+1.5
kopy, =2.2%10 Yes 2
2006' core-shell microgel* app - spherical 0
Luetal., PS@PNIPAM 2 73+1.5
= 5.2*1 Yes 2
2006" core-shell microgel* k=3 0 - spherical 0
PS@PEGMA
Lu et al. . S£2
e %1 ’ spherical branched k, =7.3%¥107 Yes ! . 20
2006 spherical
polymer brushes
Elias et al. PVP 3 8.6+2.5
’ k;, = 1.4%1 Y 1
2014 polymeric ligands L 0 - spherical 3
Jana et al. seralite SRA-400@Ag a1 30£5
’ kep, = 3.2%10 Y 30
2016 commercial resin beads app - coating
SiO@Ag@P((I-b-EG)- | kopp = 1.4%10
Horecha et 10:@A8@P(( , ) app 19.3+3.8
255 NIPAM-Bis) in THF:H,O Yes . 25
al., 2014 spherical
yolk shell structure 9:1)
Pradhan et itfree AGNP | Kgpp = 9.5%10% | Y
al., 2001% support free Ag app = 9- es - -
Pradhan et 25
rt free Ag NP - Yes -
al., 2002”! support free Ag N ° spherical
Aietal, Fe;04@Ba-alginate 3 72
kop, = 4.5%10 N RT
2012%° microsphere beads app © spherical
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reference support; Kinetic isosbest. | size/nm; T/
structure constant points shape °C
Pootawang .
S3x0.
etal, 5102 Kapp = 3.6¥107 | No 203208 -
201225 mesoporous silica spherical
PEGy3-b-P(DMAEMA ,7-
Geng et al., ) 2.8+1
X o% 25 tBAs-AAs) block- | kopp = 4.2%102 | (No) sohorical | 23
/copolymer micelles
Liang et al., ESMf eggshell 3 4+£2
kopp = 4.2%10 Yes
2014'% membrane fibers app ° spherical 30
. ESM{f@Pro
L t al. 3+2
131(’)%:253 | modified eggshell Kapp = 2.9%10% | Yes sonerical | 3
membrane fibers
Liu et al,, PS@PAA spherical 3 2.8
ke, = 3.0¥10 Yes : 20
2014% polyelectrolyte brushes app ° spherical
P(NIPAM-
Begum et 10£3
al 2017172 HEMA-AAC) kc—mass == 6.5 YGS Spherical 22
N copolymer microgel
kg = 3.2%107 6+ 1
Naik et al., v-Al,O3 bp #1053
= N S+2. RT
2012%%° amorphous structure Kapp = 30710 0 75 , >
spherical
Manivan-
anivan SSG-B-CD 6.1
nan et al., . X ) - Yes ) -
201221 silicate matrix composite spherical
k, =3.6¥107 63.5+6
Yuan et al., Ag@PANI ki = 4.5%107 No 64.6 £ 8 RT
2013'% core-shell structure k, = 6.6%107 65.2+8
spherical
Zhang et PAN based electrospun 3 28.1
kop, = 4.6¥10 Yes 2
al., 2011 carbon nanofibers app - spherical .
Chang et PANI 2 60 +40
kaopp = 2.1%10 Y RT
al., 2012 nanofibers app ° spherical
Wu et al. ) 3 7.5
’ h kapp = 3.5%10 RT
201322 graphene oxide app No spherical
Wang et al., | SH-Si0; functionalised 3 35+£25
kopp, = 1.2*%10 Y 22
2013*** | commercial microspheres | = “PP ° spherical
Wang ezt6'§11_, Fe304@'SlOz.-HPW@P G Kapp = 6.7%107 Yes 8 ' RT
2013 magnetic microspheres spherical
Xiao et al., PAA-PVA electrospun No 58+24 RT
201226 nanofibrous mat spherical
Baruah et PGON 3 18+1
kapp, = 5.5%10 Y 25
al., 2013*7 | polyelectrolyte ligands app ° spherical
Naraginti et kiwi fruit extract - Yes 32.5+7.5 -
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reference support; Kinetic isosbest. | size/nm; T/
structure constant points shape °C
al., 2017°% spherical
Karki et al., Ag-Fe;04-ATO 2 -
kapn, = 1.7%1 -
2018%%° nanocomposite app 0 Yes spherical
Shah et al., P(NIPAM-MAA) 3 6.5+0.5
) kapp = 3.4%10 -
2017 copolymer microgel* app (Yes) spherical
Zhang et Fe;04@ SiO,@Ag o ak1n3 dendritic
al., 2017*"° nanoflowers Kapp = 8.6710 Yes coating RT
Kim et al., P(TEB-DITFB)-SH 3 7.1
kapy, = 7.6%1 -
2017°" macroscopic sponge app = 7-6710 Yes spherical
Das et al., HAP@PDA 3 14.8
kap, = 5.0%1
2017'7 rod like morphology app = 30710 Yes spherical RT
Liang et al., NH, functionalised 2 4.4
kopp, = 1.5%10
2018°7 cellulose paper app (No) spherical 35
Kumar et ) 18
al., 201827 graphene oxide - Yes spherical RT
Eising et Dextran 500 6.1+ 1.3
& 183 commercial k, = 1.4%10™ No L 25
al., 2011 . spherical
polysaccharide
Kapp = 2.9%107 +
. Si0,@PEI app ; 42+1.1
Tzounis et olvmer coated kapp = 5.1*10 YVes 12.8+3.4 20
al., 20147 POy © Koy = 9.3%107 “ ] 18.6+39
microsphere beads app .
spherical
NTA 3 30
kop, = 7.0¥10 -
Shabir et small ligand molecules app =7 No spherical
al., 2017* PVP b 2204107 | Ne 30 ]
polymer ligands app ’ spherical
Signori et octane- + EtOH- 24.5+4.1
i g2 010 functionalised branced ky, =5.7%10" Yes h . .l 25
N PEI polymer ligand spherica
Muruga- chitosan 19
doss et al., polyaminosaccharide kmor = 1.1 Yes h . 1 23
20087 composite sphietica
PBMS
Yin et al., . S+,
213 1672%6 saccharide based porous | Kgp, = 5.1*¥107 Yes 12 lf ,7 f RT
organic network spherica
Patil et al., 3,5-G2-BED-(triazole- 3 7.6
kop, = 1.2%1 -
2017%"7 EG), micelles app 0 (Yes) spherical
Zeng et al., | (Ag@wNAC)@Halloysite 2 2.6+0.7
kapy, = 1.5% -
2017°" nanotubes app 5710 No spherical
Zhang et Ag@PPy janus particle 1 -
. k =7.3% S -
al., 2017*" type encapsulation mass = 7:3%10 Yes spherical
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reference support; kinetic isosbest. | size/nm; T/
structure constant points shape °C
Liu et al. i-f Z 134.
iue 2ago, Ni oam@C@ nO Kapp = 1.4%107 Yes 3 .8 ]
2017 macroscopic support spherical
Luetal., | PAN@PDA (electrospun) )
k = 1.6*10 Y 80+ 70 RT
2017% nanofiber mats mass °
Jiang et al., Ag@Fe,0s 20.9
k =47 Yes 2
20152 nanoporous microcubes mass ° spherical 0
Bano et al Triton X-705 commercial
20162 " | polymer based micropo- | kgpp = 1.9%107 (No) 200 RT
rous macroscopic support
NaCl@wAg 2 -
kopp, = 1.7%10 Y 25
Min et al., nanocubes app s cubic
2015°% - ) 500
kop, = 3.0%10° Yes 2
hollow Ag nanocubes app ° cubic >
Chi et al. OH- + COOH-functiona- 3
’ kepp, = 5.3%10 Yes 4.1+0.6 25
2012%% lised mesoporous carbon app °
Du et al., Fe;04@Si0; 3 10
kopp, = 2.2%10 Y RT
2012286 core-shell particles app ° spherical
Qin et al., PANI 3 10.5£9.5
kopp, = 2.7%10 Yes -
2012 microspheres app - spherical
Zhou et al Fe;0,@PMAA -
” i - Kapp = 2.5%107 | Y -
20152 magnetlc core .shell app es spherical
microgel particles
Muthucha- .
e $i0, 5 741
my et al., ) kapp = 1.1*10 Yes ) -
015 microspheres spherical
Kaéstner et Ag@PAA ke_mass =4.3 3+£0.6
105 2 (Yes) . 22
al., 2016 dense polymer shell *10 spherical
Xia et al., DPS 26+ 1.6
245 . - Yes . 25
2013 small ligand molecules spherical
Table 19: List of references of the 4-nitrophenol reduction on other metals, mixed metal and alloy
catalysts, respectively. The used metals are indicated in the “support” column.
reference support; kinetic isosbest. | size/nm; T/
structure constant points shape °C
Wunder et PS@PMTAC-Pt 4 ek ‘ 23+04
al., 2010'"’ SPB particles ki = 4.6%10 Yes spherical )
Esumi et Pt@PAMAM-G4 kapp = 2.6%10” No 1.5+0.4 15
al., 2004'% dendrimers Kapp = 1.2%¥107 1.4+03
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
— 7
kapp = 9.6*10 1.2+0.2
spherical
Pt@PPI-G4 3 1.4+0.3
kop, = 1.2*%10 N 15
dendrimers app © spherical
Mei et al., PS@PMTAC-Pt ky = 5.6%10" No 2.1+0.4 15
2005% SPB particles ky =1.1 spherical 30
F€304@P(S-DVB)
t al. S+0.
VZ‘(; 162129’ @PMTAC-Pt ky =39x107 | Yes s’ ieri(i a51 20
SPB particles P
Pt@P-2-(P(APTS7,-b-
Yuan et al., META195)—IEM2300 -1 3.0
ky =3.1*10 N -
2010 organosilica hybrid 1 © spherical
nanowires
Nobh et al., Pd@PAMAM-G4-OH P 24+0.6
k;_y =4.6%¥10 N ) 21
2014 dendrimers L=H © spherical
Bingwa et Pd@PAMAM-G4-OH 6 1.3+£0.2
_g = 1.8%1 Yes ) 2
al., 2014* dendrimers kin 8*10 ° spherical >
Morales et Pd@HSAG 5 2.6
k, = 1.5*%10 N RT
al., 2017' commercial product " © spherical
Mei et al. PS@PMTAC-Pd 24+0.5
’ ki=1.1 Yes 1
2007'"? SPB particles ! - spherical >
Hal leylami P
alder elgz oleylamine capped Pd ky = 1.3%10% No ] RT
al., 2011 nanoporous structure
Luetal, PPy-TiO,@Pd 2 2
kapp = 1.2%10 N RT
20127 nanofibers app © spherical
Dutta et al. Kopp = 1.2% 10° -
’ rted Pd e Y RT
2014*° unsupporte N,H4 red. agent - nanoleaves
Fe;04-Pd kmass = 1.1
Y - RT
microspheres #1072 -
Wang et al., Fe;04@CeO,-Pd Kimass = 1.2
Yo - RT
20134 microspheres #1072 °
FG304@SIOQ@CGOQ-Pd kmass j 1.8 Yes ; RT
microspheres *10
HSA .
Cu@HSAG k, = 1.2%10° Yes 08 RT
commercial product spherical
Morales et 5 3515
E k, = 6.9*%10 N RT
al., 2017'" Cu@Go " © spherical
6.5+3.5
N- E ky = 8.1¥10* N ) RT
Cu@N-doped GO n=2_ 0 0 spherical
Patil et al., Cu@3,5-G2-BED- 3 3.9
ko =3.5*%10 Y -
2017%77 (triazole-EG7), micelles 0 ° spherical
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support; Kinetic isosbest. | size/nm; T/
reference .
structure constant points shape °C
Antonels et | Ru@PAMAM-G4-OH i 1.2+0.1
g = 1.8%1 ) 2
al., 2013'° dendrimers Kin 8*10 (No) spherical >
Liu et al., Ni@P(NIPAM-AMPS) 3 26.2
kap, = 3.8%10 Y 21
2015'" copolymer macrogel* app ° spherical
Wang et al., Fe;04@Si0,@CeO,-
k =49 Yes - RT
20134 Au-Pd microspheres mass °
Lietal., Au NR@PNIPAM-Ag 3 Ag: 8+2
kopp = 2.2%10 Yes 2
2016% core-shell microgel* app ° spherical >
Luetal, | PS@PNIPAM-Au-Pt NR 1 7.4 +0.8 (d)
ky =2.1*%10 N 25
2010* core-shell microgel* 1 (No) 39.5+6.5(L)
Roy et al., Kmass = 2.6%10°
rted Ag-Rh Y - RT
2016*" unsupported Ag N,H, red. agent -
Xia et al., DPS-Au-Ag No 32+£1.6 25
2013 small ligand molecules spherical
Wu et al., ) ) 5
201325 graphene oxide-Ag-Au | Kgpp = 1.3*10 2 No spherical RT
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7.3 List of figures

Figure 1: Core-shell nanoreactors comprising of a PS core (grey), a thermoresponsive
PNIPAM shell (blue) and gold or silver nanoparticles immobilised in the shell (orange). Upon

heating above (cooling below) 32 °C the network changes its volume and shrinks (swells). 3

Figure 2: Reaction scheme for the reduction of nitroarenes. Direct route (green),

condensation route (red) and disproportionation mechanism (blue). 5

Figure 3: Reduction of Nip with borohydride. Optical absorption spectra (a) recorded
subsequently during the reduction by platinum nanoparticles and idealised time dependency
of the concentration of Nip and 4-hydroxylaminophenol (b) during the intermediate- (I) and
the stationary state (II) regime. Reprinted with permission; (a) © 2010'" and (b) © 2014,'”

American Chemical Society. 6

Figure 4: Reduction of HCF with borohydride. Optical absorption spectra (a) recorded
subsequently during the reaction and decay of the absorption maximum (b) at A = 420 nm
throughout the course of the reaction. Reprinted with permission; © 2010, American

Chemical Society.'** 9

Figure 5: Scheme of the reduction reaction of hexacyanoferrate(Ill) to
hexacyanoferrate(Il) at the surface of gold nanoparticles by borohydride. The sphere
represents a gold nanoparticle which is negatively charged by borohydride in a first step,

followed by the transfer of one electron to hexacyanoferrate in a second step. 10

Figure 6: Influence of temperature on the apparent reaction rates (£kobs) (a) and the
swelling ratio (b) of Au@PNIPAM nanoreactors with 7 % (squares), 10 % (circles) and 15 %
(triangles) crosslinking density. Reprinted with permission; © 2010, American Chemical

Society.'* 11

Figure 7: Typical configurations of nanoreactors comprising of catalytically active metal
nanoparticle(s) (orange) and a (thermoresponsive) hydrogel shell (blue). One metal
nanoparticle embedded in a spherical hydrogel (a) and multiple nanoparticles distributed
randomly inside a hydrogel (b) which optionally comprises an inert core (grey). The presence

of a gap between core and shell in (a) is optional as well (Rcore < Rgap). 20
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Figure 8: Characterisation of nanoreactors used for kinetic studies. Cryo-TEM images (a)
and (b) of the core-shell nanoreactors with metal nanoparticles in the shell, hydrodynamic
radii rTH (c¢) and (d) of the core-shell nanoreactors before (black) and after (red) the
immobilisation of metal nanoparticles measured between 10 and 50 °C and histograms (e) and
(f) of the metal nanoparticles determined from cryo-TEM images. Shown are the results for
Ag@PS-PNIPAM nanoreactors (a), (¢) and (e) and for Au@PS-PNIPAM nanoreactors (b), (d)
and (f). 24

Figure 9: Typical UV-Vis spectra obtained with gold catalysts with two isosbestic points
around the aminophenol peak ((a) and (b)), an increase in the aminophenol peak followed by
a decrease (c) and absorption at A > 500 nm (d). Reprinted with permission; (a) © 2014 The
Royal Society of Chemistry,'”" (b) © 2013 American Chemical Society,” (c) © 2015 Springer
Nature’” and (d) © The Royal Society of Chemistry.'® 32

Figure 10: Typical UV-Vis spectra obtained with silver catalysts with two isosbestic
points around the aminophenol peak (a) and an increase in the aminophenol peak followed by
a decrease (b). Reprinted with permission; (a) © 2017 The Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.'* and (b)

© 2017 Elsevier B.V.** 33

Figure 11: Absorption spectra (a) recorded during Nip reduction; molar extinction spectra
(b) for Nip (black), Amp (red), NSP (green) and DHAB (blue) recorded at pH = 10; obtained
concentration-time curves (c¢) for Nip (black), Amp (red), sum concentration of both (green)
relative to the initial concentration of Nip cNip, 0 = 1*10™* mol L and modulus of the first
derivatives for Nip (grey) and Amp (orange) and obtained residual spectra (d). The inset
shows the first (black) and last (red) spectrum recorded during the reduction compared to the
corresponding first (green) and last (blue) residual spectrum. Arrows indicate the course of

reaction. 45

Figure 12: Flow chart of the genetic fit algorithm. In the creation step a spline fit is used
to transfer the discrete experimental data into continuous datasets. The final fit is obtained

after no further improvement is achieved in cn consecutive mutation loops. 48

Figure 13: Comparison of the Nip concentration (a) obtained via spectral deconvolution

(black) and obtained from the optical absorption at A = 400 nm (red) and time dependencies
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of the experimental Nip concentration (symbols) and fit results (lines) for the reduction at
cBH4 = 5%107 (b), 1*10? (c) and 2*10° mol L™ (d). The data were fitted up to 50%

conversion; the shaded areas indicate extrapolations of the fits up to 70% conversion. 49

Figure 14: Time dependencies of the experimental Nip concentration (symbols) and fit
results (lines) for the reduction at T = 10 to 50 °C and S = 0.0625 m*> L™". The data were fitted

up to 50% conversion. 51

Figure 15: Arrhenius plots of the obtained fit parameters n and kred = k1/k2 (a) and
Van’t Hoff plot of kad', BH4 (b). The horizontal lines indicate the LCST of T = 32 °C. The
dashed line in (a) is a guide to the eye. The red line in (b) shows the linear fit to Kad', BH4
between T = 10 and 20 °C according to equation (4.8). 52

Figure 16:  Comparison of the partition coefficient of borohydride KPart, BH4 derived
from the kinetic analysis (black) and the experimental partition coefficient of sodium chloride
KPart, NaCl in a PNIPAM hydrogel (red)."”” The dashed line is a sigmoidal interpolation of

the experimental values. 54

Figure 17: Relative deviation of fitted and experimental Nip concentration as function of
conversion. Effect of increasing borohydride concentration at cNip = 5*107 (a), 7.5%10 (c)
and 1*10” mol L™ (e) and effect of increasing Nip concentration at cBH4 = 5*107 (b), 1*10°
? (d) and 2*10”% mol L™ (f). The dotted lines indicate the transition between the fitted regime

and extrapolation of the fit results to higher conversions. 56
Figure 18: Schematic of the stopped-flow apparatus with drive syringes (1), mixing
chamber (2), measurement cell (3) and stop syringe (4). 58

Figure 19: Concentration of HCF as a function of time (a) at [0 = 0.065 (black), 0.075
(red), 0.1 (green) and 0.2 mol L (blue) and logarithmic plot (b) of the concentration-time
dependency for an exemplary measurement; the dashed red line illustrates as guide to the eye

how the slope of the measurement data decreases with time. 59

Figure 20: Simplified representation (a) of the nanoreactor architecture and continuous
model representation (b) for the radial concentration profiles of the reactant cHCF(r) and the
product cp(r). The gold nanoparticles (yellow) are predominantly located deep inside the

PNIPAM hydrogel (blue) and close to the PS core (grey). 60
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Figure 21: Measurements (symbols) and fit results (lines) of the HCF concentration as
function of time recorded at T =20 °C. Measurements at different catalyst concentrations
cNR (a), measured at cBH4 = 0.25 mol L, cHCF, 0 = 5*10” mol L' and 10 = 0.269 mol L™
(cNR is stated in multiples of the minimal nanoreactor concentration cm = 1.45%10"?mol L~
"; at different borohydride concentrations (b), measured at cHCF,0 = 1*10> mol L™,
10 = 0.272 mol L™ and cNR = 5 cm; at different HCF concentrations (c) and (d), measured at
cBH4 = 0.25 mol L, 10 = 0.296 mol L™ and cNR = 5 cm; and at different ionic strength ()
and (f), measured at cBH4 = 0.05 mol L™, cHCF, 0 = 5*10* mol L and cNR = 5 cm. 65

Figure 22: Measurements (symbols) and fit results (lines) of the HCF concentration as
function of time for two series of measurements recorded at varying temperature.
Measurements were recorded at ionic strength [0 = 0.065 mol L' (a), (c) and (e) and
10 =0.100 mol L™ (b), (d) and (f) and cBH4 = 0.25mol L, cHCF =5*10* mol L and
cNR = 1.45%10"" mol L™". 66

Figure 23: Results for the variable fit parameters of the measurement series at 20 °C.
Intrinsic reaction rate kNR (a) and off-diffusion koff (b) at varying HCF concentration and
electrostatic perturbation EP, kg at varying borohydride concentration (c) and at varying ionic

strength (d). 68

Figure 24: Results of the intrinsic reaction rate KNR (a), electrostatic perturbation EP, kg
(b) and off-diffusion koff (c) for the measurement series against temperature at ionic strength
10 = 0.065 mol L' (black) and at 10 = 0.1 mol L (red). The dashed lines indicate the LCST
of T = 32 °C for PNIPAM. 70

Figure 25:  Curves for the number of accumulated products pt per nanoreactor as a
function of the reactant conversion for the measurement series at different HCF concentration

obtained as a result of the fit procedure. 71

Figure 26: Surface-normalised first order rate constants k1 (symbols) and fit (lines) of the
kinetic model (all measurements were conducted at cNR = 7.23*10"> mol L™"). Reaction rate
measurements at different HCF concentrations (a), measured at cBH4 = 0.25mol L,
10 = 0.296 mol L'l; at different borohydride concentration (b), measured at cHCF, 0 = 1*10
‘molL!, 10=0272 molL"'; and at different ionic strength (c), measured at

cBH4 = 0.05 mol L™}, cHCF, 0 = 5*10* mol L. 80
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Figure 27:  Arrhenius plots of the experimental reaction rate constant k1 (symbols) and fit
(lines) of the kinetic model (a) and obtained permeability of HCF (b) normalised to the
temperature-dependent bulk diffusion coefficient D0. Measurements were conducted at
cNR = 1.45%10"" mol L cBH4 = 0.05mol L', cHCF,0 =5%10"molL" and 10 = 0.064
(black, red) and 0.1 mol L' (grey, orange). 82

Figure 28: Schematic setup of the optical path of the Agilent 8453 spectrometer.”'” 93
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7.4 List of tables

Table 1: Results of the characterisation of the nanoreactors with silver and gold,
respectively. 23
Table 2: Overview of mechanistic investigations; applied catalyst, solvent and reducing
agent. 25
Table 3: List of references of the nitrophenol reduction on gold catalysts with surface-
normalised reaction rates k1. 36
Table 4: List of references of the nitrophenol reduction on silver catalysts with surface-
normalised reaction rates k1. 37
Table 5: List of references of the nitrophenol reduction on other metal, mixed metal and

alloy catalysts with surface-normalised reaction rates k1. The used metals are indicated in the

“support” column. 39
Table 6: List of references of the nitrophenol reduction on thermoresponsive catalysts.
The used metals are indicated in the “support” column. 41
Table 7: Obtained fit- and recalculated parameters for both limiting cases described in
chapter 4.3.2. 50
Table 8: Overview of measurement and fit parameters for all series of measurement;
variable parameters are depicted in Figure 23 and Figure 24. 67
Table 9: List of chemicals used for synthesis and kinetic measurements. 86
Table 10: Applied amount of reactants, mass concentration of the product suspensions
and hydrodynamic radii rH of the obtained particles. 88
Table 11: Applied amount of reactants and mass concentration of the product
suspensions. 89
Table 12: Applied amount of reactants and mass concentration of the product
suspensions. 89
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Table 13: Membrane filters used for ultrafiltration. 90

Table 14: Applied concentration of reactants in the kinetic experiments with Ag@PS-
PNIPAM nanoreactors. All experiments were carried out three times to obtain more reliable

results. 97

Table 15: Applied concentration of reactants in the kinetic experiments with Au@PS-
PNIPAM nanoreactors. All experiments were carried out three times to obtain more reliable

results. The nanoreactor concentration is stated in multiples of cm = 1.45%10"* mol L™,

corresponding to a gold surface area per unit volume of S = 8.16*10° m” L. 99
Table 16: List of kinetic rate constants given in the different references. 110
Table 17: List of references of the nitrophenol reduction on gold catalysts. For more

complex architectures, the location of the active catalyst is indicated in the “support” column.

111

Table 18: List of references on the nitrophenol reduction on silver catalysts. For more
complex architectures, the location of the active catalyst is indicated in the “support” column.

115

Table 19: List of references of the 4-nitrophenol reduction on other metals, mixed metal

and alloy catalysts, respectively. The used metals are indicated in the “support” column. 118
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7.5 List of abbreviations

character meaning

Amp 4-aminophenol

APS negatively charged PS nanoparticles
ATO antimony doped tin oxide

(ATR-)FTIR  (attenuated total reflection) Fourier-transform infrared spectroscopy
Bis N,N’-methylenebisacrylamide

BHT 2,6-di-tert-butyl-4-methylphenol

CD cyclodextrin

CPS positively charged PS nanoparticles
(cryo-)TEM  (cryogenic) transmission electron microscopy
CTAB hexadecyl-trimethyl-ammonium bromide
DFT density functional theory

DHAB 4,4’-dihydroxyazobenzene

DHBC double hydrophilic block copolymer
DLS dynamic light scattering

DMSO dimethyl sulfoxide

DPS degraded pueraria starch

EGCG epigallocatechin-3-gallate

ESMf eggshell membrane fibers

G2-BED generation 2 benzyl ether dendron
(GC-)MS (gas chromatography) mass spectrometry
GOE exfoliated graphene oxide

HAP hydroxylapatite

HCF hexacyanoferrate(III)

HMSM hollow mesoporous silica microspheres
HPLC high performance liquid chromatography
HPW phosphotungstic acid hydrate

HSAG high surface area graphite

Hx 4-hydroxylaminophenol

KPS potassium persulfate

LCST lower critical solution temperature
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MPA
mPEG
NAC

Nip

NMR
N,N-DMF
NP(s)

NR

NSP

NTA
(P)4VP
(P)AA
(PP AAEM
(P)AAm
(P)AEMH
(P)AH
(PP AMAM
(P)AMPS
(P)AN
(P)ANI
(P)APTS
(P)BMS
(P)DA
(P)DACz
(P)DITFB

(P)DMAEMA

(PDVB
(P)EG
(PYEGMA
(P)EI
(P)EVIB
(PG
(PYGMA
(P)GON

3-mercaptopropionic acid

polyethylene glycol monomethyl ether
N-acetyl-L-cysteine

4-nitrophenol

nuclear magnetic resonance spectroscopy
N,N-dimethyl formamide

nanoparticle(s)

nanorod

4-nitrosophenol

nitrolotriacetic acid

(poly-)4-vinylpyridine

(poly)acrylic acid

(poly) acetoacetoxyethyl methacrylate
(poly)acrylamide

(poly-) 2-aminoethyl methacrylate hydrochloride
(poly)allylamine hydrochloride
(poly)amidoamine
(poly-)2-acrylamido-2-methyl-1-propane sulfonic acid
(poly)acrylonitrile

(poly)aniline

(poly-)(3-acryloylpropyl) trimethoxysilane
poly(benzylated monosaccharide)
(poly)dopamine
(poly-)1,8-diaminocarbazole
(poly-)1,4-diiodotetrafluorobenzene
(poly-)2-(dimethylamino)ethyl methacrylate
(poly)divinyl benzene

(poly)ethylene glycol

(poly)(ethylene glycol) methacrylate
(poly)ethyleneimine
(poly-)1-ethyl-3-vinylimidazolium bromide
(poly-)D-glucosamin

(poly)glycidyl methacrylate

(poly)guanidinium oxanorbonene trifluoroacetate
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(PYHEMA
(P)I
(P)IEM
(P)MAA
(P)MCC
(P)METALI
(P)MIMC
(P)MMA
(PYMTAC
(P)NIPAM
(P)PI
(P)Py

Pro

(P)S
(P)SS
(P-)-BA
(P)TEB
(P)TSC
(P)VA
(P)VCL
(P)VP
(P)VPBA
RI

RT

SDS

SPB

SSG
TGA
TLC
TTEGb
UCST
V350
X-b-Y
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(poly-) 2-hydroxyethyl methacrylate
(poly)isoprene

(poly-) isobutyryloxyethyl methacrylate
(poly)methacrylic acid

(poly) (maleated carboxymethylchitosan)

(poly-)2-(methacryloyloxy)ethyl trimethylammonium iodide
(poly-)2-(1-methylimidazolium-3-yl) ethyl methacrylate chloride

(poly)methyl methacrylate

(poly-)2-(methylacryloyloxy)ethyltrimethylammonium chloride

(poly-)N-isopropylacrylamide
(poly)propyleneimine
(poly)pyrrole

procyanidine

(poly)styrene

(poly)styrene sulfonate
(poly-)tert-butyl acrylate
(poly)triethenylbenzene
polythiosemicarbazide
(poly)vinyl alcohol
(poly-)N-vinylcaprolactam

(poly) vinylpyrrolidone
(poly-)4-vinylphenylboronic acid
reaction initiator

room temperature

sodium dodecyl sulfate

spherical polyelectrolyte brush
silicate sol-gel matrix
thermogravimetric analysis

thin layer chromatography
tris-triethylene glycol benzene
upper critical solution temperature
2,2’-azobis(2-amidinopropane) dihydrochloride
block copolymer of X and Y
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7.6 List of variables and constants

variable meaning units

a radius of a circular receptor m
Abs(t) time-dependent absorbance [1]
Abs(A) wavelength dependent absorbance [1]

Anp surface area of one metal nanoparticle m’

Cexp (L) experimental concentration-time dependency mol L™
Cexp (L) first derivative of experimental concentration-time dependency mol L™
Crit(t) fitted concentration-time dependency mol L™
c]'cl-t(t) first derivative of fitted concentration-time dependency mol L™
C; bulk concentration of i mol L™
cig concentration of i inside hydrogel mol L™
Cio initial concentration of i mol L™
Cm mass concentration of nanoparticle suspension gL’
CNR nanoreactor (i.e. catalyst) concentration mol L™
Cn limiting number of mutation cycles for fit algorithm [1]
cr(t) reactant concentration at time t mol L™
D, bulk diffusion coefficient m* s
Dall second Damkdhler number [1]

D, diffusion coefficient inside hydrogel m’s”
D; diffusion coefficient of i m’s”

d optical path length through sample solution cm
AEpona DFT calculated binding energy kJ mol™
AG transfer free energy (between bulk and hydrogel) J

é stagnant film thickness over which film diffusion occurs m

E, activation energy of K sf o5 kJ mol™
E (P, Kg) electrostatic perturbation (first order term) mol s L™
e(d) molar extinction coefficient L mol” cm™
gi(t,s;)  target function of the time-dependent fit algorithm [1]

&k (sp) target function of the stationary state fit algorithm [1]
&(T) relative permittivity of water [1]
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n(T)
F(P,x,)
ferr

fn

ﬁOSS

Kad
Kad!

Kcollapse

dynamic viscosity of water

electrostatic perturbation (second order term)
efficiency factor

Henry function

weight fraction lost during TGA measurement

metal fraction of nanoreactors

solid fraction of side products in the supernatant

first order autocorrelation function

decay rate

ionic strength

bulk ionic strength

ionic strength inside hydrogel

incident light intensity

transmitted light intensity

nth order (apparent) reaction rate constant

adsorption constant of i

supposed adsorption constant of i

equilibrium constant for the transition between the
swollen/collapsed state of PNIPAM

partition coefficient between bulk/hydrogel
surface-normalised first order reaction rate constant
rate constant of first step in the reduction of 4-nitrophenol
adsorption rate constant

apparent first order reaction rate constant

rate constant of second step in the reduction of 4-nitrophenol
diffusion rate constant

desorption rate constant

diffusion rate constant for a sphere covered with N receptors
Langmuir-Hinshelwood reaction rate constant
intrinsic reaction rate constant

intrinsic reaction rate constant (stationary state model)

off diffusion rate of accumulated products

Pas
mol s L™
[1]
[1]
[1]
[1]
[1]
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mcore

My tot
ms,tot

Mgheu

off diffusion rate of accumulated products (stationary state model)

overall reaction rate constant

overall reaction rate constant (stationary state model)
Smoluchowski diffusion rate constant

surface reaction rate constant

theoretical reaction rate constant

total reaction rate constant

inverse screening length

inverse screening length inside hydrogel

wavelength

Bjerrum length

Debye length

Freundlich exponents

mass of one PS core particle

mass of reactant i used in the synthesis

total mass of reactants in the shell synthesis

total mass of side products in the shell synthesis

mass of the PNIPAM shell of a single nanoreactor

molar weight

molar weight of nanoreactors without metal nanoparticles
molar mass of nanoreactors with including metal nanoparticles
number of circular receptors on a sphere

number of experiments fitted simultaneously

number of steps to derive fit parameters within defined range
number of metal nanoparticles inside nanoreactor shell
reaction order

number of core particles applied in the shell reaction
permeability of hydrogel to solute

number of accumulated products (stationary state model)
time-dependent number of accumulated products
Donnan potential

electrostatic potential caused by accumulated products

ion charge

-1
S

L mol' s

L mol's?!
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r(t)

Ta/m
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scattering vector

radius of nanoreactor (i = core, shell, gap)
time-dependent number of accumulated reactants
metal surface area per mass ratio

adsorption rate

desorption rate

hydrodynamic radius

radius of hexacyanoferrate(III)

radius of catalyst metal nanoparticles
Smoluchowski diffusion rate

bulk density

catalyst metal surface area per unit volume
conductivity

temperature

time

induction time

limiting time for fit algorithm

decay time

surface coverage of i

electrophoretic mobility

volume of core particle suspension applied in the shell synthesis
interaction between reactants and accumulated products
volume of water

volume of one metal nanoparticle

partial volume of nanoreactor hydrogel shell
volume of nanoreactor hydrogel shell

total reaction volume

zeta potential

ion valency

(1]

m g

mol L s
mol L 5™
nm

nm

mol L s
g cm”

m? L'

uS cm™
K or °C

[1]

m2 S-l V-l

ey
w

w w

<3 833 38 8

[1]
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constant meaning units
e =1.602*%10™" elementary charge C

g, = 8.854*10"*  vacuum permittivity Fm'
kg = 1.38%107% Boltzmann constant JK!
N, = 6.022¥10%  Avogadro constant mol ™"
R =8.314 universal gas constant Jmol' K
pay = 19.32%10°  bulk density of gold gm>
Pag = 10.49%10°  bulk density of silver gm”
ppis = 1.24%¥10°  bulk density of Bis gm”
prps = 2.48%10°  bulk density of KPS gm”
pnipay = 1.10¥10° bulk density of NIPAM gm?
pps = 1.05%10°  bulk density of PS gm”
pr = 1.0%10° density of the reaction mixture during shell synthesis gm”
prso = 0.42%¥10°  bulk density of V50 g m>
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