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Abstract

Nanoparticles of magnetite (Fe304) are envisioned to find used in diverse applications, ranging
from magnetic data storage, inks, ferrofluids as well as in magnetic resonance imaging, drug de-
livery, and hyperthermia cancer treatment. Their magnetic properties strongly depend on their
size and morphology, two properties that can be synthetically controlled. Achieving appropriate
control under soft chemical conditions has so far remained a challenging endeavor. One proven way
of exerting this desired control has been using a biomimetic approach that emulates the proteome
of magnetotactic bacteria by adding poly-L-arginine in the co- precipitation of ferrous and ferric
chloride. The objective of the work presented here is to understand the impact of this polycation on
the formation mechanism of magnetite and, through rational design, to enhance the control we can
exert on magnetite nanoparticle size and morphology. We developed a SAXS setup to temporally
and structurally resolve the formation of magnetite in the presence of poly-L-arginine in situ. Using
analytical scattering models, we were able to separate the scattering contribution of a low-density
5 nm iron structure from the contribution of the growing nanoparticles. We identified that the
low-density iron structure is a metastable precursor to the magnetite particles and that it is electro-
statically stabilized by poly-L-arginine. In a process analogous to biomineralization, the presence of
the charged macromolecule thus shifts the reaction mechanism from a thermodynamically controlled
one to a kinetically controlled one. We identify this shift in reactions mechanism as the cornerstone
of the proposed mechanism and as the crucial step in the paradigm of this extraordinary nanopar-
ticle morphology and size control. Based on SAXS data, theoretical considerations suggest that
an observed morphological transition between spherical, solid, and sub-structured mesocrystalline
magnetite nanoparticles is induced through a pH-driven change in the wettability of the nanopar-
ticle surface. With these results, we further demonstrate that SAXS can be an invaluable tool for
investigating nanoparticle formation.

We were able to change particle morphology from spherically solid particles to sub-structured
mesocrystals merely by changing the precipitation pH. Improving the synthesis sustainability by sub-
stituting poly-L-arginine with renewable, polysaccharide-based polycations produced at the metric-
ton scale, we demonstrated that the ability to alter the reaction mechanism of magnetite can be
generically attributed to the presence of polycations. Through meticulous analysis and the under-
standing of the formation mechanism, we were able to exert precise control over particle size and
morphology, by adapting crucial synthesis parameters. We were thus able to grow mesocrystals
up to 200 nm and solid nanocrystals of 100 nm by adding virtually any strong polycation. We
further found a way to produce stable single domain magnetite at only slightly increased alkalinity,
as magnetotactic bacteria do it.

Thus through the understanding of the biological system, the consecutive biomimetic synthesis of
magnetite and the following understanding of the mechanism involved in the in wvitro synthesis,
we managed to improve the synthetic control over the co-precipitation of magnetite, coming close

biomineralization of magnetite in magnetotactic bacteria. Polyanions, in both natural as well as

il



in synthetic systems, have been in the spotlight of recent research, yet our work shows the pivotal
influence polycations have on the nucleation of magnetite. This work will contribute significantly
to our ability to tailor magnetite nanoparticle size and morphology; in addition, we presume it will
provide us with a model system for studying biomineralization of magnetite in vitro, putting the
spotlight on the important influence of polycations, which have not had the scientific attention they

deserve.
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Chapter 1

Introduction

Nanoscience focuses on the manipulation of matter on atomic length scales to impart materials
with characteristics and properties that exceed those of the corresponding bulk materials, as well
as those of the single atoms or molecules. Due to the inherently strong size-property relation, the
control over sizes has a pivotal impact on the applicability of these nanostructures. Nanoparticles
of magnetite (Fe30,), a ferrimagnetic iron oxide with an inverse spinel structure and one of the
naturally most abundant magnetic materials, may find applications ranging from water purification
3] [*6] and as ferroflu-

agents!!) for phosphate removal?, magnetic data storagel’l, catalyst recovery

ids(™8l. 1t is, moreover, foreseen to be used in medical applications, including hyperthermia cancer
treatment [9’10], as MRI contrast agent [11,12] and for targeted drug delivery. [13-15]

Confined to nanoscopic sizes magnetite can exist in a superparamagnetic state below a particle
size of ~20 nm!'617 above which it attains a permanent magnetic dipole, rendering the material a
stable single domain ferrimagnet due to the anti-parallel alignments of the unequal atomic magnetic
moments of Fe?T and Fe?* 18], Above a size of 80 nm magnetic domains start to form to counteract
an increasing magnetostatic force. (19 Research strives to improve synthesis conditions to improve
control over size, size distribution, and morphology to tailor magnetite’s properties to the desired
applications. However, a majority of the synthesis protocols that have successfully achieved this
goal rely on elevated temperature, high pressure or organic solvents including hydrothermal co-
precipitation [20*22], reductive 2324 or oxidative process 25,26] and magnetite nanoparticles prepared

27,28 More exotic synthesis routes relying on the formation of

29-31]

in oil/water-emulsion nano-reactors

oxidizing species, include sonochemicall , y-ray 321 and microwave-assisted [33:34] processes. The

most successful route to control size and size distribution is based on the thermal decomposition of

iron-containing organic complexes. 3737



1.1 Tools to Control Nanoparticle Size

Classical nucleation theory supplies us with tools to control nanoparticle size through the manipu-
lation of free energy barriers of phase separation as well as through the control of thermodynamic
equilibrium via the alteration of surface properties of a newly formed phase.

The formation of such a new phase is realized through the stochastic association of atoms or
molecules via thermally driven density fluctuations. These fluctuations are structurally compa-
rable to a solute and can either grow via the accretion of atoms (or molecules) to form stable seeds
or dissolve through the detachment of such. The underlying thermodynamics of this process thus
determines the fate of seeds and the free energy of the seeds under isothermic and isobaric condi-
tions is governed by the difference in the chemical potential, Ay, of the separated phase and its

surroundings, which can be quantified by the product of the thermal energy and the supersaturation,

S.
Ap=—kgTlnS (1.1.1)

kp is the Boltzmann constant and T the absolute temperature. The supersaturation is the dimen-
sionless ratio of the activities of species, a;, in solution and its equilibrium molar concentration with

respect to the dissolution of its solid counterpart, a; s,, known as the solubility product, Ks,

Vi Vi
S — [Lia* _ Tlia

= (1.1.2)
iaiy,sp Hz KS,i

where v; are the respective stoichiometric coefficients. For a just saturated solution we find a
supersaturation of one. With the accretion of an atom to an i-mer i+1 we find a gain in bulk
free energy, AGpyux (i), of the newly formed phase equal to the product of the change in chemical

potential of the newly formed i+1-mer and the change in surface with the i*" atom added.
AG(1) = Ap(i) +v3A(7) (1.1.3)

While the bulk free energy drives nucleation and thus the formation of a new phase, the inherent
increase in surface, dA, and the respective increase in the interfacial energy, dA(i)y counteracts
the formation of a new phase. We can thus define the total free energy of the nucleation process
as the sum of nucleation driving negative volume contribution, VAGy,;; and a nucleation antag-
onizing work required to form a new interface, Av. Approximating the growing seed particles as
homogeneous spheres the energetic balance between surface and volume contribution can be written

as:
4 3 2
AG = §”R AGhyyy, + 4mry (1.1.4)

While the work of the formation of a new interface is proportional to the square of the radius
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Figure 1.1: Free energy of a nucleus a function particle size as predicted by classical nucleation theory.

of the particle, the gain in free bulk energy increases with the volume of the particle and thus
by the cube of its radius. The total free energy of nucleation thus has a local maximum, the
activation barrier, at AGeir = 16/37r’y3AGI;L21k and a corresponding critical radius, R, of the
density fluctuation after which it is rendered to be thermodynamically stable at R, = —27v/AGpyik-
Referencing Equation (1.1.1) and Equation (1.1.3) we find a proportionality between the free energy
and a change in chemical potential and thus an anti proportionality between the supersaturation
and the critical energy barrier,AG..;;. The dependence of the free energy and the corresponding
volume and surface terms is schematically shown in Figure 1.1.

Thus one option to exert size control is to induce an extreme supersaturation, to separate the
nucleation event from the growth event.®39 Another frequently used tool is the use of additives
that, through adsorption to the nanoparticle/solvent interface, alter the surface energy. Through
preferential adsorption to certain crystal facets, the addition of surface-active molecules is a widely
used tool to produce different particle morphologies or anisotropic nanoparticles. 03 Further,
acidic, polyanionic macromolecules like polyacrylic acid [44-46] op polyaspartic acid (471 have been

heavily used to alter magnetite nanoparticle properties.

1.2 Biomineralization

Control beyond thermodynamically controlled accretion of ions from solution is the key to produce
more sophisticated and complex crystals. A distinctive example is the formation of mineralized
material in living systems, called biomineralization. Here, the mass flux for crystal formation is
achieved using amorphous precursor phases that can be crystallized into virtually any shape as
demonstrated in the case of coccolithophores. 849 Biomineralizations distinguishing characteristic

is the ability of the nucleation of crystals precisely defined in morphology and shape from hetero-



geneous environments at ambient temperatures and pH values close to neutrality. This control is
accomplished by nucleation via stabilized amorphous precursor phases shifting the reaction profile
from a thermodynamically to a kinetically controlled pathway. ?0:>!]

The exertion of kinetic controlled is achieved by alteration of the activation barriers of the sequential
transformation of metastable precursor phases to the final crystal as it is suggested in Figure 1.2.
Descending this structural cascade, we find an increase in density, while hydration, solubility, and
free energy decrease. The activation energies of the corresponding solid-state transformation can
be heavily influenced by the presence of ionic and/or molecular additives. This manipulation of
activation energies has been demonstrated in vivo® and in vitrol®]. Studying and imitating

biomineralization processes thus promises to establish new protocols to control nanoparticle forma-

tion.

Ir\AG
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Figure 1.2: The cascade of consecutive solid phase transition predicted by the Oswald step rule. This
kinetically controlled process is favored, when amorphous precursor particles, with a low solubility compared
to the thermodynamically most dense phase, exist. Here AG,,(A) and AG4(A) is the free energy for nucleation
(n) and growth (g) for pathway A. Energies for pathway B are indicated accordingly. AG¢(A) describes the
free energy solid-state phase transition.

1.3 Magnetite Biomineralization

Magnetite is biomineralized by various organisms exploiting its magnetitic and mechanical prop-
erties. For magnetoreception purposes it us used by salmon® honeybees5+5%! migratory birds

95,56] " Chitons, a marine mollusks, use it for its high hardness as mechanical

like homeing pigeons[
reinforcement and even in the human brain biomineralized magnetite has been reported to ex-
ist.°”) However, the most abundant biomineralized magnetite is found in terrestrial magnetotactic
bacterial®®, that biomineralize large magnetite nanoparticles with a remanent magnetic dipole in
discrete vesicles -called magnetosomes- functioning as small biomineralization reactors. To study

the biomineralization of magnetite in more detail, Baumgartner et al.l® inferred the evolution of



iron phases involved in the nucleation process from cryo XANES measurements on iron-depleted
Magnetosperillum Magnetotacticum (MS-1). They found that magnetite is formed via a phosphate-
rich ferric hydroxide, consistent with prokaryotic ferritins, that are thought to have a ferrihydrite
corel% and consecutively via nanometric ferric(oxyhydr)oxide. This pathway is consistent with
non-classical sequential nucleation mechanism via amorphous intermediates, as proposed above.
Congruently others have identified acidic macromolecules to be involved in the biomineralization of

magnetite. [61,62]

1.3.1 Magnetite Biomimetics

For size-controlled synthesis under mild physico-chemical conditions, it is desirable to elucidate the
magnetotactic bacteria’s ability to produce discrete, stable single-domain magnetite particles with
remarkable control over size and morphology under mild chemical conditions (only slightly increased
alkalinity) at ambient temperature and pressure.

in vitro synthesis of magnetite in the presence of magnetosome membrane specific (Mms) proteins
has been used to control magnetite nanoparticle morphologies (63,64] A more abstract approach
trying to infer generic motives from these proteins and apply them in a biomimetic synthesis of
magnetite was done by Baumgartner et al.

They used a phage display, exposing 2.7 x 10° random permutation of a 12-mer peptide sequence to
a nanocrystalline magnetite powder. Sequences that bound to the magnetite surface were presumed
to potentially interact in the nucleation of magnetite. A general design principle drawn from this
experiment was that majorly positively charged proteins would promote, and mainly negatively
charged proteins would inhibit magnetite nucleation. Encouraged by these results, Baumgartner et
al. used a positively charged polypeptide with a remarkably high isoelectric point, poly-L-arginine,
in a co-precipitation reaction of ferrous and ferric chloride.

Electron microscopy images of the resulting magnetite nanoparticles, which will be in the focus of
this work, are shown in Figure 1.3. Due to their size and the inherent remanent, anisotropic mag-
netic dipole moment, they form chains (Figure 1.3 a)). At higher magnification (Figure 1.3 b) - ¢))
we find that the nanoparticles are sub-structured and seem to be built up from 10 nm sized sub-unit

651 Due to their single crystal-like coherent

[66]

building blocks forming the final 40 nm nanoparticle.
diffraction, seen in the FFT of the inset of Figure 1.3, they were classified as mesocrystalline.
Along with the single crystal-like diffraction, their magnetic properties are congruent with those of
a single domain solid magnetite nanoparticle, which was confirmed in bulk magnetic measurements
and even for single particles using off-axis electron holography.

However, mechanistically it is difficult to envision how preformed 10 nm sized sub-units may as-
semble into a coherent crystallographic register while attaining their spherical and centrosymmetric

65

shape. The mechanism proposed by Reichel et al.[%! envisions an aggregation via oriented at-



Figure 1.3: a) gives an overview of magnetite nanoparticles precipitated in the presence of poly-L-arginine at
pH 11. Chain formation due to dipolar, magnetic interaction is apparent. A magnified view of the particles
using HAADF STEM b) and bright field STEM c¢) shows the sub-structured morphology, while particles
remain single crystalline, as visible in the FFT in the bottom left inset of ¢). Going to atomic resolution
we can see the structure of magnetite along the [110] zone axis. Octahedral sites are marked in grey with
the distinction of full (yellow rings) and half occupation (green spheres). Tetrahedrally coordinated iron is
marked blue, in accordance to the simulated magnetite structure in e). STEM measurements were performed
by Dr. Tobias Heil.

tachment driven by magnetic exchange coupling between the subunits, while poly-L-arginine would

function as an electrostatic scaffold.

1.4 Objective and Scope of this Work

Baumgartner et al. have demonstrated that the understanding of magnetite biomineralization can
drive the biomimetic development of novel nanoparticles. Emulating this approach, we now strive
to understand the developed biomimetic system and thus the effect that poly-L-arginine has on the
nucleation and growth of magnetite.

The foundation of the mechanistic understanding will be provided by the spatiotemporal investiga-
tion of structures involved in the formation of poly-L-arginine/magnetite using in situ small angle
X-ray scattering. Applying the knowledge contained in the elucidation of this mechanism, we strive
to exert even higher control on the size and morphology of magnetite nanoparticles precipitated in

the presence of polycations.

° The synthesis of magnetite in the presence of poly-L-arginine requires low feeding rates of
iron solution into an alkaline dilute polymer solution. Thus, the iron concentration is below
1 ppm within the first minutes of the synthesis. To unravel the formation mechanism, we
rely on structural data on the early structures present in the synthesis. To analyze these
structures in their native environment, it was necessary to perform measurements on a 3¢
generation high brilliance synchrotron. The SAXS beamline ID02 at ESRF was, therefore, the
instrument of choice. Studying by in situ SAXS the influence of i) the molecular weight and
ii) the concentration of poly-L-arginine, iii) the impact of temperature and iv) the influence of

precipitation pH on the structural evolution of particles, enables us to predict a comprehensive



formation mechanism.

The addition of poly-L-arginine in the co-precipitation of ferrous and ferric iron at pH 11
results in remarkable, mesocrystalline nanostructures. Changing synthesis parameters, we
aim at exploring the feasibility to further ameliorate and alter the properties of the produced

magnetite nanoparticles.

While the synthesis setup already does not require elevated temperatures or high pressure and
works in an aqueous environment, we aim to further increase its sustainability by substituting

poly-L-arginine by renewable and cheaper polymers.

Through the understanding of the formation mechanism of the underlying in vitro biomimetic
system, we aim to develop a synthesis route to produce —similar to magnetotactic bacteria—
discrete stable single domain magnetite nanoparticles at ambient conditions and only slightly

elevated alkalinity.



Chapter 2

Theoretical Background

2.1 Magnetite Co-precipitation

In this work we study the effect of poly-L-arginine on the formation of magnetite. Magnetite is
formed via co-precipitation of ferrous and ferric chloride in aqueous alkaline solution. The hydrolysis

reaction can be expressed as:
2 FeClS(aq.) + FQCIQ(aq') =+ 8 NaOH(aq.) — Fe304(s) —+ 4 H2O + 8 NaCl(aq')

Several mechanisms for this reaction have been proposed, including the direct formation from soluble
ferrous and ferric species, via the transformation from chloride green rust or the transformation of
ferrihydrite through dissolution or re-precipitation. [16:67-71]

A comprehensive study on the formation of magnetite nanoparticles produced under the same

(72l They have presented an in depth

conditions as in this work was done by Baumgartner et al.
analysis of the structural evolution of magnetite nanoparticles and the underlying thermodynamics
of possible nucleation pathways. The kinetics of magnetite nucleation was modeled with a linear
(o = 1) reaction limited growth R*(t) — (=0

kinetic rate constant and t the time. The growth of the nanoparticles was studied as a function

)= kt from finite size seeds, R(;—q), where k is the

of pH and an inverse proportionality of the rate constant with pH was identified. This rate is
proportional to the probability of a seed to grow beyond its critical radius crossing the free energy
barrier (k x exp(—AG./kpT)). When the pH is lowered, so is the magnetite/water surface tension
due to a deprotonation induced charging of the interface. Following Equation (4.3.1) this lowering
in surface tension results in a lower free energy barrier. Thus smaller seeds will be formed faster
when the synthesis pH is increased. Thus, from a unit volume iron solution we will obtain more and

smaller seed particles at increased pH, decreasing the radial growth rate of each individual particles,



as summarized in Figure 2.1.

This growth model was further investigated by Baumgartner et al.["? using cryo-TEM to image

. ... [ ]
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Figure 2.1: Free energy as a function of pH. With increasing pH the activation energy and the critical
size for stable seeds decreases. We thus form from a unit volume iron solution more but smaller particles at
higher pH. Looking at a single particle, which is supposed to grow by the consumption of other particles, a
decrease in the reaction rate per time unit is suggested.

the magnetite nanoparticles and the proposed precursor phases in their quasi-native state. We
summarize the proposed formation steps of magnetite in absence of additives in Figure 2.2 and want
to proceed with the discussion based on this scheme. The final magnetite nanoparticles d) nucleate
and grow from an aggregate of 2 nm sized primary particles ¢). This solid state transformation
to magnetite may proceed via an amorphous intermediate or directly yield the thermodynamically
more stable crystalline phase. A distinction between these two pathways was made based on the
free energy of the involved primary particles. For metastable primary particles, with respect to the
solution, an amorphous intermediate would be expected, while no intermediate amorphous phase is
foreseen when the primary particles can be considered stable. Thus, in order to evaluate the stability
of the involved primary particles, Baumgartner et al. turned their attention towards the formation
of the primary particles proposing that they most likely originate from a gel-like, ferrihydrite a) in
accordance with previous reports. (7] The ferrihydrite phase proposed and the small size of 2 nm
explain the stability of those particles. Thus no intermediate amorphous phase is thought to be

present in the nucleation of magnetite from ferrous and ferric chloride at alkaline conditions.

(2) b

> ©g®

Figure 2.2: Proposed mechanism of the formation of magnetite by the co-precipitation of ferrous and
ferric chloride at alkaline conditions. During the first minutes a low density fractal structure forms, which is
predicted to be ferrihydrite a). From this precursor phase 2 nm primary particles b) form that aggregate to
form a fractal networks with sizes above 100 nm ¢). From this network crystalline magnetite nucleates.



Chapter 3

Materials & Methods

3.1 Co-precipitation Setup

Magnetite was synthesized following the co-precipitation route according to established proto-
cols. 5967 1p brief, reactions were performed in a commercially available titration setup consisting
of a titration device (Metrohm AG, Titrando 888, 5 mL volumetric cylinder), coupled to a pH elec-
trode (Metrohm Biotrode) keeping a constant pH controlled via the software interface supplied by
Metrohm (Tiamo, Version 2.3). The pH electrode was calibrated regularly using commercially avail-
able buffer solutions at pH 4, 7 and 10. The iron solution was added using a dosing unit (Metrohm,
Dosimat 805, 1 ml volumetric cylinder) via microloader tips (Eppendorf, Hamburg, Germany, No.
5242 956.003) that were also used as inlets for the NaOH solution. Reactions were performed in
anoxic conditions under a humidified nitrogen stream in a 50 ml reaction vessel (Metrohm, No.
6.1418.110) with a thermostat jacket, which was kept at a constant temperature of 25+0.1°C using
a thermostat (Lauda-Konigshofen, Lauda M3). We want to emphasize here, that ensuring anoxic
conditions is essential to obtain magnetite. Even at a slightly elevated oxygen partial pressure,
goethite is formed. Homogenization of the reaction solution was achieved through constant stirring
with a non-magnetic overhead 802 rod stirrer (No. 2.802.0020). All glassware was regularly etched
and cleaned with fuming hydrochloric acid (Roth, 37 %, Rotipuran). A scheme of the experimental

setup is shown in Figure 6 a).
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3.1.1 Experimental

Iron solutions were prepared from ferrous and ferric chloride with a total concentration of 0.1 M
at a stoichiometroic ratio of 1:2 and added at a rate of 1 plmin~! to a 10 ml 0.1 mgml~! alkaline
solution of poly-L-arginine. The solution pH was set prior to the start of the synthesis to the desired
value and kept constant by addition of 0.1 mol NaOH solution.

All chemicals were used as purchased without further purification. Ferrous chloride tetrahydrate
(Merck, EMSURE ACS, >99 %), ferric chloride hexahydrite (Acros Organics, >99 %) and NaOH
(1 M, Merck) solutions were used for the co-precipitation of magnetite. Poly-L-arginine with an
average molecular weight of 5-15 kDa (Sigma Aldrich, P4663), 15-75 kDa (Sigma Aldrich, P7762),
>70 kDa (Sigma Aldrich, P3892) and 29 kDa (Alamanda Polymers, PLR150) were used as additives.
Precise low molecular weight poly-L-arginine samples were ordered and synthesized on demand by

PepScan with 2,4,8,16 and 32 monomer repeating units.

3.2 X-Ray Scattering

X-ray scattering is an ideal tool to study colloidal systems from micron sized particles down to atomic
length scale with intrinsically high statistics as information is averaged over the whole illuminated
sample volume. An incoming planar wave, resulting from a collimated, coherent X-ray beam, hits
the samples. Scattering occurs due to the interaction of the electromagnetic radiation with the N
electrons of an atom in the sample (Thomson scattering) so that the coherently scattered intensity,

I.on, by an atom can be written as

N
Leon =12 Y f2(0,0) = r2%(6,)) (3.2.1)
1

with r. being the classical electron radius and f.(0,\) the electronic scattering factor, which,
summed over the number of electrons in an atom, becomes the atomic scattering factor f(6,\).
The collective coherent amplitude, F(q), scattered by an assembly of atoms j, with their atomic
positions P:j confined by the structure of the sample, is thus defined as the sum over the product

of the amplitude, f(#, \), and the relative phase shift, CiTR; , emerging from the j*" atom:

N
Fg) =) f;(6,)) - ' (3.2.2)

J
This equation suggests that the size and shape of an object, and thus the distribution of electron
density, are the parameters defining the angular dependent scattering intensity, if the incident energy

is sufficiently far away from an atomic absorption edge. The localization of the electron density can
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Figure 3.1: Schematic setup of a synchrotron scattering experiment. Highly brilliant X-rays are produced
in the undulators (U), the energy dispersion is reduced by the monochromator (M) and beam convergence
and shape controlled with adjustable scatterless slits in the collimation system (C). After impinging on the
sample as k; the majority of the X-rays are transmitted without interacting with the sample and absorbed
by the beamstop (BS). All structural information of the sample is contained in the scattered X-ray intensity

as a function of momentum transfer ¢ = k_; - k: and detected on a 2D detector (D).

be summarized in the scattering length density function B(z,y, z) which is related to f(6,\) as an

infinitesimal small volume acting as a point scatterer at a given location R:
f(0,\) = B(R)dV (3.2.3)

Assuming the scattering length density function to be continuous, Equation (3.2.2) thus becomes

r=trp = | [[[ o) e i

with the detected scattered intensity, I, being the square of the modulus of the scattering amplitude.

2
(3.2.4)

Mathematically the scattering detected is thus the Fourier transformation of the scattering length
density function. Within the assumption that the scattering process is elastic and thus the incoming
wave-vector has the same magnitude as the outgoing wave-vector (||ki|| = ||ks|| = 27/A) we can
construct the momentum transfer vector, ¢, whose magnitude ||¢]| is proportional to the scattering

angle 6 (only in absence of inelastic effects) via:

- - 4T .
| =115 ~ Bl = 5+ sin) (325)

3.2.1 X-ray Powder Diffraction (XRPD)

Crystals are long range periodic arrangements of atoms forming the crystal lattice. Confined to the
atomic scaffold we have thus a periodic electron density and consequently a periodic scattering length
density function. The Fourier transform of this function will only be non-zero when q lies on the
reciprocal lattice, which manifests itself in the construction of the Ewald sphere. Diffraction occurs

when this sphere of radius 1/\ cuts, along with the origin, a reciprocal lattice point. Prediction
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Figure 3.2: a) shows the construction of the Ewald sphere with a radius of 1/ for constructive interference
when the sphere cuts a point on the inverse crystal lattice. This relation is more intuitively understandable
using Bragg’s law of diffraction and the respective geometric construction b). While a single crystal, fulfilling
Bragg condition will give a point diffraction pattern c), Debye-Scherrer rings are detected when the scattering
arises from a powder of randomly oriented crystallites.

about crystal orientation and diffraction and thus crystal symmetry can be made based on this
construction. An intuitive understanding of this has been made in Bragg’s formulation of X-ray
diffraction. It is a geometric derivation, seen in Figure 3.2 for the constructive interference of
waves impinging at the angle 6 and scattered at an angle # from atomic planes that are spatially
separated by dpp;, with h, k and [ being the Miller indices locating the atomic planes. If the wave’s
path difference 2d is an integer multiple, n, of the wavelength of the incident light, the Bragg

condition
2dpp sin(0) = nA (3.2.6)

for constructive interference is fulfilled. With respect to the magnitude g of the momentum transfer

vector ¢, Bragg reflections occur at

2
= (3.2.7)

17 G
which is in turn Bragg’s condition projected onto the Ewald sphere. Thus, when the Bragg condition
is fulfilled, a single crystal will scatter the incoming electromagnetic radiation into discrete angles,
as seen in Figure 3.2 ¢). When X-rays are scattered from a random assembly of a multitude of
small crystals, also known as a powder, many single crystallites fulfill the Bragg condition due to
their random orientation, so that a ring pattern is obtained on the detector as in Figure 3.2 d).
When the intensity at the detector is azimuthally integrated the diffraction intensity as a function

of scattering angle/momentum transfer with peaks at ¢ = 27/dpy; is obtained. As described by the
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Laue equation, a decreasing particle size will result in the broadening of diffraction peak due to a
reduction of the coherence volume. This peak broadening can be used to calculate crystallite sizes

(L), neglecting possible strain-induced broadening of the diffraction peak and taking into account the

instrumental broadening (beam convergence, wavelength spread) using the Scherrer equation [73,74].
KX

B(20) = — 3.2.8

(26) L cos(0) ( )

with the peak broadening in 26, B, and the Scherrer constant K, which we set to 0.9, typical for

crystal systems with cubic symmetry and spherical shape.

3.2.2 Experimental XRPD

Magnetite particles were studied using synchrotron X-ray diffraction (XRD) at the p-spot beamline
at BESSY II in Berlin. ™! For the sample preparation aliquots of 1 mL were taken right after the
synthesis and centrifuged for 10 min at 10000 rpm. The centrifuged particles were re-dispersed
in 5 pL of Milli-Q water and dried on Kapton film (Breitlander GmbH) clamped into a custom
made brass sample holder.["®! The incident X-ray energy was set to 15 keV (A=0.82656 A) by
a Si(111) double crystal monochromator and a spot size of 100 pm was chosen using a pin hole
collimation. Diffractograms were acquired using an EigerX 9 M (Dectris Ltd.) with 75x75 jim?

[l including determination of detector tilt

pixel size. Data reduction was performed using DPDAK
and sample to detector distance using a standard sample of o Quarz (NIST). Instrumental peak
broadening has been incorporated into DPDAK and calculated considering beam divergence and
shape, monochromator dependent wavelength spread as well as the detectors point spread function.

Background subtraction of empty Kapton was performed in 2D prior to azimuthal integration.

3.2.3 Small Angle X-ray Scattering (SAXS)

Equation (3.2.4) indicates that the scattered intensity as a function of scattering angle is propor-
tional to the Fourier transform of the scattering length density distribution function 3(\@) of an as-
sembly of scatterers. One of the most fundamental properties of the Fourier transform is the reverse
relationship between length scales in real and reciprocal space. Thus, for an object with three di-
mensions dg, dy;, d, the Fourier transform will exhibit minima at ¢, ~ 27/d,, q, = 27/dy, q. ~ 27 /d..
There is thus an inverse relationship between the momentum transfer vector, q, defined in 3.2.7 and
the dimensionality of the investigated object. Investigation of larger objects, that can extend into
the micrometer range, thus benefit from long flight paths post sample to resolve small scattering
angles. Small angle X-ray scattering is thus an ideal tool to study large objects with a low structural

resolution. [l
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3.2.4 Differential Scattering Cross Section and Absolute Scale

In an ideal SAXS experiment the measured intensity as a function of scattering angle should quan-
tify the purely elastic interaction of the incoming beam with the sample. This quantity contains
all relevant structural information of the sample and is known as the differential coherent elastic
scattering cross-section do/df). Given an incident number of photons, N;, of which a fraction Nj is
scattered as defined by the vector ks and detected at the detector by a finite size pixel covering a

solid angle A€, the number of detected photons is given by:

€ do

Ns = NiT ——k;AQ 3.2.9
S 7 V dQ S ( )
Taking into account the transmission, T, and correcting for detectors defects such as non-linearity,
the differential scattering cross—section normalized by the scattering volume, V, is equal to the ratio
of scattered and incoming photons. This results in the differential scattering cross section per unit

volume, which quantifies the scattering probability within the sample in units of inverse lengths:

1do dX
== (3.2.10)

3.2.5 Analytical SAXS Model

For simplicity, let us consider N non-interacting particles, that do not correlate spatially. The
scattering arising from these particles contained in a unit volume, only depends on the particles
morphology, size and scattering contrast. The angle dependent scattering intensity of the ensemble
of these particles can thus be described as the product of the particles form factor, P(q), and the

number density,®, of the particles.
I(q) = ®P(q) (3.2.11)

The number density is simply the number of particles per total volume, from which the scattering
arises. The scattering detected is the square of the modulus of the form factor amplitude, which
we introduced in Equation (3.2.4) in Section 3.2. Thus the scattering intensity is the square of the

modulus of the Fourier transform of the scattering length density distribution functions (SLD(r)):

2
I(q) = ®P(g) = B|F(q)* = ‘ / / [ suor) - eamin (3.2.12)

15



For different species j of scattering particles that do not correlate in space the form factor intensities

are purely additive

I(q) =Y _ ®;P;(q) (3.2.13)

In the case of high dilution the approximation of non-correlation indeed holds and the scattering
contribution of each species can thus be easily separated. This is an integral part in the analysis
of the presented data, as two scattering contributions are expected based on the mechanism of
the formation of magnetite in absence of additives. Growing magnetite particles, however, after
crossing the stable single domain size threshold the magnetite particles retain an magnetic dipole,
so that assumption of no particle interaction does not hold anymore. A spacial correlation needs
to be taken into account using a structure factor S(q) between the magnetic particles P(q)m, not

neglecting the non-magnetic particles, P(q)

1(q) = @mPrm(q) - S(q) + Lrm L (3.2.14)

3.2.6 Experimental SAXS

In situ SAXS was measured at the high brilliance beamline ID02[™! at ESRF — The European
Synchrotron. For SAXS experiments the X-ray energy was set to 12.5 keV where the highest
photon flux is obtained. The detector was always chosen as the CCD Rayonix MX-170HS, which
offers the largest solid angle from all 3 detectors available on the beamline. Three different sample-

to-detector distances were used (1 m, 6 m and 30 m). With this setup a q-range of 2-10 nm™

I was covered. For the in situ measurements of particle formation the synthesis setup,

to 5 nm”
described in 3.1, was transported to the beamline. A 1 mm diameter glass tube was used as an
intake pipe that was connected using Teflon tubing (inner diameter 1 mm) via a quarz capillary of
exactly 2.0 mm inner diameter (Hildenberg open quartz capillaries, 50 pum wall thickness) using a
step motor peristaltic pump (WMC). The dead volume between the beginning of the glass tubing
and the end of the quartz capillary was calculated to be 70 nL.. To be sure that old sample was
sufficiently removed from the quartz capillary 80 pL of aliquot was taken from the reaction with
different time intervals (20 times every 30 s, 20 times every 60 s, 20 times every 300 s). Absolute
intensity was calculated from capillary subtracted water scattering. The measured water scattering
intensity was divided by the theoretically expected scattering level, obtained from water’s isothermal
compressibility. To obtain absolute intensity, this correction factor was applied to all SAXS curves.
The first file of each dataset was used as background and subtracted from all consecutive frames. 4
days of beamtime were awarded with the experiment ID ma3787. Images and a scheme of the setup

at the beamline are in the Appendix Figure 6.

16



3.3 Electron Microscopy

3.3.1 Transmission Electron Microscopy (TEM)

The wavelength, A, of electrons is bound to their momentum, p, by the de Broglie relation,
A =h/p=h/mev (3.3.1)

with the electron mass me, the velocity v and the Planck constant h. Being emitted from a hot
filament or a field emission gun the electrons wavelength can thus be easily set by accelerating the
electron within a potential field that can be reach up to several hundred kV giving the electron a

potential energy (E,) of:

(3.3.2)

The strength of the potential drop is determined by the accelerating voltage of the TEM, which

thus determines directly the wavelength of the electron.

h
A= — (3.3.3)
(2meEy)
Neglecting relativistic effects, the wavelength of an electron can thus be reduced to the picometer
range. Aberrations in the electrostatic and magnetic lenses, however limit the effective resolution

in conventional TEMs to Angstroms. 8V

To obtain TEM micrographs, the sample is illuminated with a spread, parallel electron beam and
images are obtained post transmission of the specimen. Contrast arises due the difference of electron
density in the image plane through scattering of the incident electron wave within the sample
resulting in a change of amplitude and phase of the scattered electron wave. There is thus a
fundamental distinction between amplitude and phase contrast, which generally both contribute to
the contrast in the formed image. Amplitude contrast is induced through absorption or scattering
of the incident electron wave in the electric field of the atoms and is proportional to the mass and
thickness of the specimen. Another mechanism for amplitude contrast is the coherent diffraction
of electrons by crystalline materials into angles that fulfill the Bragg condition, which are excluded
from image formation by the objective aperture in the back focal plane. Selecting a diffracted or the
direct beam with this aperture lets us thus select pure bright field or dark field images respectively.
Phase contrast arises in the image plane due to the interference of at least two electron ”beams”,
that have undergone a potential field induced phase shift passing through the sample. It it especially
prevalent in high resolution (HR)TEM and is strongly sensitive to the thickness, orientation and

atomic scattering factor within the specimen.
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3.3.2 Scanning Transmission Electron Microscopy (STEM)

Making use of the inherent connection between contrast and scattering angle, only electrons that are
scattered at a certain angle are used in the image formation in STEM. Here, the sample is scanned
with a strongly focused and thus heavily convergent electron beam, which is transmitted and de-
tected by single pixel, annular detectors post specimen. The resolution of the image is therefore
determined by the spot size of the electron beam (0.005-0.2 nm) and the size and number of pixels
of the scanned area. The image is formed from the intensity in each pixel, which is proportional to
the number of electrons scattered into a certain angle onto the annular detector.

So called high angle annular dark-field (HAADF) STEM only uses electrons that were forward scat-
tered at high angles, and in the limit of uniform thickness of the sample, the contrast is proportional
to the atomic number (z-contrast). As a result high thickness and high atomic number regions ap-
pear bright, while low thickness, low atomic number regions remain dark in the final image.

There is a number of advantages that come with this technique compared to conventional TEM.
A post signal processing is digitally possible so that black levels and detector gain can be adjusted
during image acquisition. Due to the inherent spatial resolution that comes with the scanning mode,
elemental information can be obtained. This can be done ante-transmission using energy dispersive
x-rays that are emitted from the sample (EDX) or post transmission using electron energy loss spec-
troscopy (EELS) that can even be used to obtain magnetic information of the specimen (EMCD).
Due to the exclusion of any phase contrast, STEM can be used to obtain high resolution electron
tomography images. This would not be possible in normal TEM, as, due to phase contrast, the

contrast of a crystal would change with tilt angle.

3.3.3 STEM Tomography

STEM tomography can be used to obtain a three dimensional reconstruction of the particle under
investigation. Here, the particle is viewed from different directions in a single tilt series. From the
images taken at different angles a volume rendered structure of a particle can be obtained. Due to
the construction of a TEM and the fact that at angles larger than 75° parts of the TEM grid often
are in the electron beam path, tomographic tilt series in TEM are limited to angles £75°. A 180°
tilt series that would be necessary for an ideal reconstruction can thus not be obtained, which can

introduce artifacts in the particle reconstruction.
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3.3.4 Experimental TEM

To observe particles in TEM an aliquot of 1 ml was taken right after the synthesis, centrifuged for
10 min at 10k rpm and re-dispersed in Milli-QQ water of appropriate pH. 5 pL of the re-dispersed
particles were adsorbed from aqueous suspension for 15 min onto 300 mesh copper grids covered
with a lacey carbon supported graphene layer. Residual solution was removed using a Kimwipe and
the grids dried under nitrogen for at least 30 min prior to imaging. Overview TEM micrographs
to calculate particle size distributions were recorded on a Zeiss EM 912 with Omega filter and an
acceleration voltage of 120kV. Electron were produced from a LaBg hot cathode at a current of
7 pA. HRTEM images were recorded on a spherical aberration corrected JEOL ARM 2100 equipped
with a field emission gun (FEG) at acceleration voltages of 200 kV and 15 pA beam current. STEM
and STEM tomography images were recorded on a FEI Talos equipped with a LaBg electron gun.
Electrons were accelerated in a 200 kV potential field at a current of 10 pA.

Tomography tilt series on mesocrystals were recorded between 65° and -62° in increments of 1°.
Focus and drift corrections were applied manually. 3D rendered reconstructions were obtained
using the Fiji plug-in TomoJ using the Simultaneous Iterative Reconstruction Technique (SIRT)

algorithm.

3.4 Vibrating Sample Magnetometry (VSM)

At nanoscopic sizes, properties of materials can be highly size- and morphology-dependent. Thus
controlling the size of these nanoparticles has a pivotal impact on tuning their properties towards
desired application. In the case of magnetite, size influences the magnetic properties of the nanopar-
ticles.

The magnetic moment of a magnetic nanoparticle is the net sum of all atomic magnetic moments,
illustrated in Figure 3.3 b). This magnetic dipole moment can exhibits two stable orientations of all
atomic dipoles being aligned parallel or antiparallel to the magnetic easy axis. For superparamag-
netic particles above the blocking temperature these two states are separated by only a small energy
barrier, so that the magnetic dipole moment flips between states (Neel relaxation). In average over
time, superparamagnetic particles are thus not magnetic in absence of an external field. The larger
the particle size, the more spins have to be flipped, which requires a higher energy. Crossing the
size threshold of around 20 nm for magnetite at room temperature the energy for the collective spin
flip becomes too high, so that the particle retains a permanent magnetic dipole moment confined
to a single stable magnetic domain. Due to the magnetic moment a charge separation is induced,
accumulating on the surface of the particles, inducing a demagnetizing field. The associated energy
is called the magnetostatic energy, which increases with increasing domain size. The magnetostatic

energy can be halved when the magnetization is split into two anti-parallel domains. Thus, when
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Figure 3.3: a) shows a schematic magnetic hysteresis curves that exhibit, among others, three characteristic
points by which magnetic materials can be classified. The remanent magnetization at zero magnetic field
(Rm), the saturation magnetization at maximum applied magnetic field (Mg) and the coercive force or
coercivity (H¢) that is needed to demagnetize a prior magnetized material. b) In dependence of size magnetite
exhibits three magnetic states that can be classified by their coercivity (if the temperature is above the
blocking temperature and below the Curie temperature and the time of observation is longer then the Neel
relaxation time). In the superparamagnetic state (SP, green curve), where spins are in average over time
aligned parallel and antiparallel to the magnetic easy axis, the material exhibits no coercivity. The maximum
coercivity appears within the stable single domain (SSD, blue curve) range, while for larger particle sizes
coercivity decreases as particles subdivide into multiple magnetic domains (MD, red curve).

the grain size of a SSD particle is further increased, bi-domain and further multi domain particles

will form.

We use a vibrating sample magnetometer to measure the magnetization of immobilized particles as a
function of applied external magnetic field as schematically shown in Figure 3.3. The external mag-
netic field is increased until a maximum magnetization (Mp) is reached. Here all spins are aligned
parallel to the field. Incrementally reducing the field to zero, particles may maintain a magnetic
moment, the so-called remanence (Mg). The field strength required to completely demagnetize the
material is called the coercive force or coercivity (Hc). The coercivity of magnetite particles is an
indication for the magnetic state, as indicated in Figure 3.3 b). While superparamagnetic particles
show no coercivity, it is increased to a maximum for stable single domain particles, showing a rela-
tive remanence of Mg /Mg of 0.5. With further growth and subdivision into magnetic domains the

coercivity decreases for multidomain particles.
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3.4.1 Experimental

Hystereses loops were measured at room temperature and at a series of low temperatures using a
Princeton Measurements Corporation (PMC) vibrating sample magnetometer that was outfitted
with a cryostat for the low temperature measurements. Loops were determined using variable field
steps over the hysteresis loop, with 0.5 mT steps in fields < £100 mT, 1 mT steps between +100-
200 mT, and 10 mT steps at fields above +200 mT; measurement averaging time was 100 ms.
Particles were concentrated with a magnet and 30 pL of solution was absorbed on a piece of cotton.
Due to the low amount of particles, the weight of the sample could not be determined and the
magnetic moment therefore not normalized by the samples mass. Thus, the measured strength of

the magnetic moment will reflect both, composition and amount of particles.
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Chapter 4

Effect of pH

Summary The co-precipitation of ferrous and ferric iron yields smaller particles when the alka-
linity of the precipitation medium is increased. This effect was explained through a lowering of the
oxide/water surface tension induced by the deprotonation of the surface hydroxyl groups, favoring
a more strongly divided system. Adding poly-L-arginine, acting as a polycation, we show that
by increasing the pH, the dimensions of magnetite increase and a single to mesocrystal morpho-
logical transformation is induced. Using synchrotron X-ray diffraction and transmission electron
microscopy, we show that magnetite nanoparticles with narrow size distributions and average diam-
eters of 10+2 nm for pH 9, 20+2 nm for pH 10, and up to 4044 nm for pH 11 can be synthesized.
We thus selectively produce superparamagnetic and stable single domain particles merely by con-
trolling the pH as indicated by vibrating sample magnetometry. Remarkably, while an increase in
pH brings about a thermodynamically driven decrease in size for magnetite without additives, this

dependency on pH is inverted when poly-L-arginine is present.



4.1 Introduction

Classically, the size of magnetite in the co-precipitation of ferrous and ferric iron has been tuned by
varying the pH and the ionic strength of the precipitation medium. 7% Following this synthesis
route, particle sizes will typically range between 2 and 12 nm with a rather broad size distribution
when prepared at different pH and ionic strengths. Recently, Baumgartner et al. 2 demonstrated
that for a non-closed system with unlimited iron supply, crystal domains in magnetite clusters can
be grown indefinitely. All of the presented systems suffer from a strong aggregation of the formed
nanoparticles, which are thus not colloidally stable. With the biomimetic approach by Baumgart-
ner 8] of introducing poly-L-arginine in the co-precipitation of magnetite it was possible to obtain
colloidally stable magnetite nanoparticles with a diameter of 40 nm. Congruent to the investigations
done on pure magnetite we engaged in the study of the effect of pH on the size of the nanoparticles

in the presence of poly-L-arginine.

4.2 Results

The synthesis parameter were used according to 3.1 following the setup by Baumgartner et al. 53],

The precipitation pH for different synthesis was set to 9, 10, and 11 respectively. After 2 hours of
the addition of iron solution an aliquot of 1 mL was taken, magnetically precipitated and washed
thrice in Milli-Q water. We employ TEM and XRPD on dried aliquots to determine particle size and
size distribution, structural purity of the formed iron phase. VSM was used to study the magnetic

properties of the synthesized nanoparticles.

4.2.1 Size Determination Using TEM and XRPD

A qualitative impression of the synthesized particles was obtained using bright-field TEM. Repre-
sentative, low magnification images of particles prepared at pH 9, 10 and 11 are given in Figure 4.1.
Two main observations are evident. i) The size of the nanoparticles increases with increasing pH
and ii) a morphological transition between pH 10 and pH 11 occurs from spherical, dense nanopar-
ticles at pH 10, to a flower-like, sub-structured mesocrystal at pH 11.

We determined individual particle radii for at least 200 particles using ImagelJ, to calculate intrinsic
size distributions based on a normal density probability function shown in Figure 4.2. For particles
obtained via co-precipitation at ambient temperature, we find comparably narrow size distributions
of 10+2 nm for pH 9, 20+1.8 nm for pH 10, and 38+4.8 nm for pH 11. The HRTEM micrographs of
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Figure 4.1: TEM micrographs of particles synthesized at pH 9, 10, 11 and 12 (top, from left to right, scale
bar 100 nm) and images of particles synthesized in absence of any additives at pH 9, 10 and 11 respectively
(bottom, from left to right, scale bar 100 nm). The insets (bottom) show high-resolution (HR) TEM images of
one selected, single nanoparticles (scale bar 5 nm). Fast Fourier transforms (FFTs) of a single nanoparticle,
shown in the top inset. Reflections have been indexed in compliance with an inverse spinel structure of
magnetite. HRTEM images were recorded with the incoming beam parallel to the zone axis given as [hkl]
in the FFT (bottom left of inset). The HAADF STEM image (inset, center) in (c) highlights well the
mesocrystalline, sub-structured morphology of particles prepared at pH 11. While particles precipitated at
pH 12 do not show a distinct particle population, few mesocrystalline appearing particles are present, as
indicated by the arrows.

an individual particle in combination with FFTs revealed that all particles are single crystals with
their zone axis, given in parenthesis in the FFT, aligned parallel with the incoming electron beam.
The FFTs of HRTEM images of single grains were indexed, showing that the synthesized particles
have an inverse spinel structure with a crystal lattice spacing of magnetite.

Concomitant with the size increase from pH 10 to pH 11 the change in morphology from single
crystal to mesocrystal was observed. The sub-structured morphology is especially well visible in
the HAADF STEM micrograph in the inset in Figure 4.1 c). Particles prepared at pH 12, however,
did not follow this continuous increase of size with pH. TEM micrographs show agglomerates of
small particles that coexist with mesocrystalline appearing nanoparticles, indicated by the yellow
arrows. Excluding particles prepared at pH 12, as an unsuccessfully conducted synthesis, we will
focus further characterization on particles prepared between pH 9 and 11.

Colloidal stability was confirmed visually in Figure 4.2 b) shortly after the synthesis and 3 months
after storage under anoxic conditions. While magnetite nanoparticles prepared in the absence of
any additive precipitated shortly after their formation, particles prepared in the presence of poly-
L-arginine remained stable during the three months of observation. The morphology, size, and size

distribution of the particles, as seen in particle size distribution obtained from TEM measurements
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in Figure 4.2, are found to remain unaltered in storage up to 7 days when kept in solution under
anoxic conditions. A statistically more significant size evaluation is obtained using x-ray powder
diffraction (XRPD) were an averaged signal over the whole sample population is recorded. Com-
plementary to TEM measurements, the diffraction data showed an increase in particle size as pH
increased. The azimuthally integrated full XRPD diffractogram is shown in Figure 4.3, with the
inset showing a high magnification excerpt of the (311) reflection. The peak broadening of this —and
any other— reflection is directly related to a decrease in particle size with decreasing precipitation
pH. Nanoparticle sizes were calculated from the full width at half maximum using the Scherrer
equation,[73] resulting in particle diameters ranging from 104+0.5 nm for pH 9 to 144+1 nm for pH
10 and 2442 nm for pH 11. Standard deviations were calculated from the mean particle size of
triplicates, showing a high reproducibility of the synthesis. Lattice constants for the cubic system
(a=b=c) were obtained from the 311 peak position and calculated to be 8.3734 A, 8.3741 A and
8.3768 A for pH 9, 10, and 11, respectively, indicating that the obtained particles are indeed mag-
netite which has undergone slight surface oxidation (" resulting in a decrease of the lattice constant
compared to compositionally pure magnetite (8.3965 A). The contribution to the lattice constant
of surface oxidation decreases with increasing particle size, which is also observed for magnetite

prepared without any additives (82,

4.2.2 Magnetic Properties

The magnetization as the response to an externally applied magnetic field of a bulk samples of
immobilized particles at room temperature was recorded on a vibrating sample magnetometer. Cor-
responding hysteresis loops are shown in Figure 4.4. As aliquot masses were too small to normalize
the maximum magnetization, we focus on the coercivity (H¢) to discriminate between superpara-
magnetic and ferromagnetic particles. While superparamagnetic particles show no opening of the

hysteresis loop and thus no coercivity (Hc=0), ferrimagnetic materials can be characterized by the
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Figure 4.2: Particle size distribution measurements based on the evaluation of at least 200 nanoparticles
prepared at pH 9, 10 and 11, respectively using TEM. Colloidal stability in the presence of poly-L-arginine
could be confirmed visually for at least 3 months, while nanoparticles prepared in absence of any additive,
precipitated shortly after the synthesis.
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Figure 4.3: a) Azimuthally integrated XRDP measurements of particles prepared at different pH. The
311 maximum intensity reflection is shown in the inset. The broadening of the peak directly evidences the
decrease in particle size with decreasing pH. From lattice parameters, calculated magnetite reflections are
indicated as dotted lines and the corresponding hkl indices were attributed to each peak. Average particle
sizes as obtained from the Scherrer equation are shown in b). Error bars were calculated from triplicates
assuming a Gaussian distribution. Particles sizes obtained in the absence of poly-L-arginine in dependence
of pH were taken from literature™? and plotted as a reference.
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Figure 4.4: Measurement of the magnetization of immobilized particles induced by an externally applied
magnetic field recorded on a vibrating sample magnetometer. The opening of the magnetic hysteresis loops
for particles prepared at pH 10 and 11 are well visible in the magnified view (inset) indicative of a remanent
magnetic dipole moment, which, in the case of magnetite, designates the appearance of ferrimagnetism.
Particles prepared at pH 9 show no hysteresis and thus no coercivity at the given temperature and can thus
be regarded as superparamagnetic. Coercivities of 6 mT and 12 mT for particles prepared at pH 10 and 11
were determined from the field strength to completely demagnetize the particles after full magnetization.
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Table 4.1: Mean particles sizes at different pH analyzed by TEM (Drgym) and XRPD (Dxgrpp). Particles
size distributions from TEM were calculated from single particles in an ensemble of at least 200 particles, while
for XRPD mean particle sizes were calculated from mean sizes of triplicates. Vibrating sample magnetometry
show the change from superparamagnetic to stable single domain behavior with the appearance of a coercive
force (H¢). The lattice parameter (a), increases with increasing pH. The ratio of the remanent magnetization
(Mp) and the saturation magnetization (Mg) as a function of size will have a global maximum at 0.5 at the
size of the largest stable single domain particle.

pH DxrpD Drem Hc a Mg /Mg
[nm] [nm] [mT] [A]

9 10 + 0.5 10 + 2 0 8.3734(1) *

10 14 + 1.7 20 £+ 2 6 8.3740(6) 0.23

11 24 + 2.0 38 + 5 12 8.3767(3) 0.39

opening of the hysteresis loop (Hc>0), when a reversed magnetic field is applied. Particles pre-
pared at pH 10 and 11 have coercivities of 6 mT and 12 mT and a Mg /Mg ratio of 0.23 and 0.39,
respectively, which is congruent with a growth of the domain size of the SSD particles®¥, which
is also consistent with structural results from TEM and XRPD. All relevant parameters obtained
from XRPD, TEM and VSM analysis of the magnetite nanoparticles prepared at different pH are

summarized in Table 4.1.

4.3 Discussion

We find an obvious discrepancy between particle sizes calculated from XRPD data compared to sizes
obtained from TEM measurements. For particles prepared at pH 11 XRPD underestimates the size
up to 40% compared to TEM. We can identify several reasons for this. As XRPD is only sensitive
to an effective volume measured in the direction of the [311] vector along which the diffraction is
coherent, results may differ from TEM where the radius is calculated from a spatially averaged area
projected from a three-dimensional structure. Further, thresholding during the size determination
in TEM may exclude small particles, which in XRPD contribute to a significant peak broadening,
lowering calculated mean sizes. Both methods, however, demonstrate an increase in particles size
as pH is increased.

Even though particles are grown beyond the SSD size threshold we were able to obtain colloidally
stable particles. Additionally, particles did not show any aging effects on their size or morphology.
This persistence of size and morphology may suggest that the system is in thermodynamic equilib-
rium. However, for the change in size and morphology, considerable energetic barriers would have
to be overcome for the following reasons: i) Due to the proposed adsorption of polymer, particles
are electrostatically and sterically stabilized preventing coagulation. 337 ii) Grain coarsening by

Ostwald ripening that frequently appears for dispersed systems possessing a certain solubility is
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prevented due to the super low solubility of magnetite in alkaline solution (Kg=10°M)®3. The
colloidal stability of the nanoparticles is favorable for prospective application. Attractive dipolar
forces -which cause aggregation, especially in SSD magnetic nanoparticles- seriously compromise
the usefulness of these nanoparticles in applications, such as medical ones where aggregation and
sedimentation could clog blood vessels. This problem has been overcome by stabilization with a
polymer. Moreover, due to a consecutive stabilization during the growth of particles, we achieved

to produce colloidally stable and non aggregated SSD magnetite particles.

Most striking, however, is the fact that we find an increase in particle size with increasing pH,
while magnetite in the absence of additives formed by co-precipitation in alkaline solution, shows
an inverted trend. Final particle sizes increase when alkalinity is decreased. XRPD particle sizes
of magnetite prepared under the same conditions but without poly-L-arginine - as described in

literature 7

- are plotted in Figure 4.3 b) together with the sizes obtained in the presence of poly-
L-arginine. An inversion of the pH-dependence of the nanoparticle size is evident.

For naked magnetite, the dependence of size on the surrounding pH has been derived based on
the classical nucleation theory. In 1.1.4 we have recalled that the free energy of the precipitation

reaction is equal a negative free energy contribution of the formation of a new volume phase, AGgul o
0

sur face

to the product of the oxide water interfacial tension, v, and the total surface area, A, of all np

and the inherent positive contribution of the formation of a new interface, AG which is equal

particles, A = 41rnp.

AGY =7A (4.3.1)

sur face

This interfacial energy arises due to the difference in chemical potential, u, of the atoms in the
interfacial region and the chemical potential of the bulk phase. For a given surface area, a decrease
in interfacial tension can thus induce a decrease in free energy through the adsorption of any species

i at the interface, quantified by the Gibbs adsorption isotherm:
Ay == Tidu (4.3.2)

The adsorption density I'; is given by the number of molecules of species i adsorbed per unit area
I'; = n;/A. Thus any kind of specific or non-specific adsorption will induce a lowering of the surface
interfacial tension and reversely any desorption an increase. For simplicity, and with the ambition
to explain a pH-effect, we assume only the adsorption of protons and hydroxyl ions to influence the

interfacial tension as

dy = —(Cy+dugs —Tom-duon-) (4.3.3)

via the protonation/deprotonation equilibrium of the magnetite surface hydroxyl groups. (39 Hence
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with an increase in pH a lowering of the magnetite surface tension is induced leading to an increase
in the system’s total interface following Equation (4.3.1). For particles in a closed system, an in-
crease in total surface area corresponds to a decrease in particle size. Based on the above derivation
a semi-quantitative modeling has been successfully employed to predict the decrease in magnetite
particle size with an increase in pH. [

Following this line of thought of the relationship between particle size, surface tension, and inter-
facial adsorption, we aim to deduce the influence of the added polymer analogously. We envision
the polymer, acting as a polycation, to electrostatically adsorb to the negatively charged magnetite
surface. As in the case of counterions in solution, adsorption at the oxide/water interface induces
a further lowering of the surface tension, as predicted by the Gibbs adsorption isotherm Equa-
tion (4.3.2) leading to a further decrease in particle size. Indeed, experimental data demonstrate
that the diameter of magnetite nanoparticles varies, from between 4 nm at low NaNO; concentra-

89 As for ions, we may infer that adsorption

tions at a given pH to 0.8 nm for high concentrations.
of poly-L-arginine at the magnetite/water interface induces a lower surface tension that would lead
to a decrease in particle size. This effect should even be more pronounced as the adsorption of
a polyelectrolyte with n charges will come with a smaller entropic penalty as the adsorption of n
monovalent counterions, which can be predicted purely based on a statistical placement of the n
charges. Unexpectedly, for the poly-L-arginine magnetite particles, we observed the opposite effect,
as they increase in size with increasing pH. This unusual pH effect precludes a simple classical
evaluation of the nucleation of magnetite in the presence of poly-L-arginine. While these theories
describe the formation of stable nuclei and further growth based on thermodynamic energy min-
imization, it is further difficult to envision how a sub-structured mesocrystal may be formed via
such a mechanism.

Thus, turning our attention to earlier introduced non-classical theories seems thus to be an advis-
able approach. There are indeed many examples of non-classical nucleation in biological (52 and
synthetic?192 systems exhibiting an excess surface charge, where oppositely charged additives are
thought to kinetically trap transient precursor phases, altering the crystallization pathway and re-
sulting in a wealth of sophisticated structures and morphologies of nanoparticles. For magnetotactic
bacteria, it was possible to identify transient ferric hydroxide phases stabilized by charged proteins

821 Polymorph se-

that crystallize to form magnetite via nanometric (oxyhydr)oxide intermediates!
lection in precipitation of CaCO; forming either vaterite or amorphous calcium carbonate in the
presence of polyaspartic acid, has been demonstrated in in vitro experiments!®?l. Moreover, prior
research has already demonstrated that adding negatively charged polysaccharides inhibits mag-
netite nucleation at pH values up to 1311,

The unifying concept of the given examples, of both natural and synthetic origin, is the existence of
thermodynamically less stable polymorphs such as iron (oxyhydr)oxide or amorphous calcium car-
bonate from which the thermodynamically more stable phases magnetite and calcite are formed 3.
Past research has shown, that interaction with charged macromolecules results in kinetic stabiliza-

tion, preventing crystallization into the thermodynamically more stable (and also denser) phase.
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The transition from superparamagnetic to ferrimagnetic particles is consistent with the increase in
particle size measured by TEM and XRPD. The sub-structured morphology of particles obtained
at pH 11 yields particles whose crystallographic orientation is constant throughout the structure.
The magnetic properties, therefore are very similar to those that have been reported for synthesized
magnetite or magnetosomes of magnetotactic bacteria with similar size of 34 nm. "%

The SSD behavior of the sub-structured particles prepared at pH 11, however, requires some further
discussion. Mesocrystals, generally described as an assembly of nanocrystallites spatially confined
to a crystallographic superlattice, are known to couple and amplify directional physical properties
of their building blocks. A marvelous example of this amplification is superparamagnetic magnetite
colloidal nanocrystal clusters!?! that were synthesized in high-temperature hydrolysis of ferric chlo-
ride. Those clusters consist of small SP magnetite particles and can reach sizes up to 180 nm while
being superparamagnetic. The saturation magnetization of those SP clusters, however, is increased
with increasing cluster size. With the proposed formation mechanism by Reichel et al., were our
mesocrystals are also thought to assemble from polymer immobilized SP nanoparticles, the obser-
vation of SSD behavior seems thus surprising and still lacks a physically meaningful explanation.
With the elucidation of the formation mechanism of magnetite in the presences of poly-L-arginine

in Chapter 5, we attempt to explain this surprising behavior.

4.4 Conclusion

In conclusion, we show that superparamagnetic as well as stable single domain magnetite nanopar-
ticles can be selectively grown in the presence of poly-L-arginine simply by changing the pH of
the precipitation solution. Even though the effect of pH [96’97], biological (64.98] and synthetic [44]
additives on the precipitation of magnetite has been extensively studied within the recent years,
the presented control over size and size distribution of the nanoparticles is exceptional. We thus
combine many of the previously reported advantages in one system. These properties in combina-
tion with their long term colloidal stability, render these biomimetic functional materials ideal for
applications. Unexpectedly, the size of the nanoparticles increases with increasing pH, in contrast
to naked magnetite particles produced under the same conditions, which decrease in particle size

when the precipitation pH is increased.

Classical notions of nucleation fail to explain this unexpected pH dependence as well as the complex,
sub— structured morphology of the mesocrystals formed at pH 11. Thus, a reference to non—classical
nucleation theories suggest that the magnetite/poly-L-arginine nanoparticles may crystallize from
polymer-stabilized transient, low-—density iron phases. Others already considered magnetite for-
mation via these transient iron phases, a stabilization by polymeric additives, however, was not

71,99]

reported. | Finding and characterizing these proposed precursor structures, that would support
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the proposed non-classical nucleation pathway, will thus be the focus of the next chapter.
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Chapter 5

In Situ SAXS and Nucleation

Mechanism

Summary In the biomimetic approach of adding poly-L-arginine in the co-precipitation of ferrous
and ferric chloride we found extraordinary results, including the morphological change from single to
mesocrystalline and an inverted effect of pH on the size of magnetite nanoparticles. We thus strive to
get a more sophisticated glance on the envisioned mechanistic changes, which the addition of poly-
L-arginine may induce. We thus developed a SAXS setup to follow the formation of the magnetite
nanoparticles in situ spatiotemporally resolved. Using analytical form factor models, we extracted
crucial structural parameters in dependence of time, from which we concluded that the addition of
poly-L-arginine may shift the mechanism of the reaction from a thermodynamically to a kinetically
controlled one. We were further able to explain the pH-dependent change in morphology, which is
induced by a change in the wettability of the nanoparticles and an alkaline accelerated solid-state
phase transition. However, in order to exert this effect, poly-L-arginine needs to have a minimum
of 16 monomer units. Understanding the mechanism and realizing that the particle growth is only
retarded by the presence of counterions, we modified the synthesis setup and show that magnetite
nanoparticles in the presence of poly-L-arginine can be virtually indefinitely grown. The presented
work elucidates the effect of poly-L-arginine on the nucleation of magnetite and highlights how a

mechanistic investigation can drive the development of nanoparticle properties.
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Figure 5.1: Possible formation mechanisms of magnetite in the presence of poly-L-arginine. The dotted line
marks the nucleation pathway of magnetite from solutes in the absence of any additives. We can envision
the polymer to interact at different stages 1)-3) with the different iron phases and intermediates proposed
by Baumgarnter et al.l™!, including ferrihydrite a), single particles and agglomerates of iron(oxi)hydroxide
b)-c) and magnetite d)

5.1 Working Hypothesis

Referencing the mechanism of magnetite formation introduced in section Section 2.1 based on the
investigation of Baumgartner et al.["? an interaction with poly-L-arginine, acting as a positively
charged polycation, can be envisioned at different points of this mechanism as indicated in Fig-
ure 5.1 1)-3). We here explicitly want to discuss the mechanism for the formation of mesocrystals
and neglect the effect of pH, resulting in solid single crystals. At a later point, we will see how the
proposed mechanism can be applied to explain the transition from single crystal to mesocrystal.
Path 1) considers a ferrihydrite gel-like structure that is stabilized by poly-L-arginine against densi-
fication to form primary particles. The stabilized gel consecutively grows, until it collapses, to form
a mesocrystal seed. Mesocrystals then grow by consuming the consecutively formed iron precur-
sor particles. 2) poly-L-arginine can function as a scaffolding agent to electrostatically immobilize
formed primary particles before they aggregate. This network of polymer and primary particles

collapses, forming, in turn, an aggregate of primary particles with the incorporated polymer. Com-
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plementary to the classical mechanism, magnetite nucleates from this aggregate of primary particles
while the polymer is incorporated, forming the seed for further particle growth by consumption of
the polymer/primary particles network. The 3rd formation mechanism proposed by Reichel et
al. [05] (inspired by the mechanism by Baumgartner), however, appears unlikely as free 10 nm sized
magnetite particles are envisioned to be scaffolded by the polymer to form the final mesocrystal via
oriented attachment. Non-aggregated, colloidally stable magnetite nanoparticles, however, have not
been proposed to be part in the mechanism of magnetite co-precipitation. We thus propose either
path 1) or 2) to be a possible mechanism in the formation of magnetite/poly-L-arginine mesocrys-
tals. In order to elucidate which mechanism is the best fit, we employ in situ SAXS.

X-ray scattering is at the forefront of mechanistic nanoparticle research enabling simultaneous atom-
istic to micron-size resolution, while particles can be observed in their native state at operando
conditions. Examples from literature show the versatility of SAXS to study nucleation phenomena.
SAXS can provide milli second time-resolution!*?? often when coupled to a stopped-flow appara-

(101,102 Magnetite formation under harsh conditions using supercritical water'%3 or quantum

tus
dot synthesis at high temperatures!°4 have been investigated using SAXS setups. A good example
of how a creative design of an experiment can drive nanoparticle research has been done by Polte
et al. studying the formation of gold nanoparticles simultaneously with SAXS and XANES (X-ray
absorption near edge structure) in a levitated droplet functioning as a scatter-less mini-reactor.
Also iron oxide formation has already been subject to SAXS investigation. 19107 However, even
though SAXS can be considered an ideal tool to study the nucleation of nanoparticles, the ultra-low
iron concentration in the early stages of our synthesis, would impose detection problems due to the
inherent low scattering intensity. A high brilliance 3¢ generation synchrotron x-ray source is thus

necessary, to resolve the early structures present in the synthesis.

5.2 Qualitative SAXS Analysis

Already a qualitative comparison of the in situ SAXS data with the expected scattering of the
structures involved in the envisioned nucleation pathways (Figure 5.1 1) and 2)) enables us to ex-
clude the second option. In 2) within the first 15 min we observe an increase in intensity with the
characteristic scattering signal of a structure of {=27/q~5 nm power law transition in Figure 5.2
with a radially decreasing scattering length density. As the pure polymer does not scatter signif-
icantly above the background, we predict that the scattering must arise from condensed iron. At
this point we can only speculate about the actual structures present and about the involvement of
the polymer. We can imagine i) poly-L-arginine being decorated with low-molecular polynuclear

[108,109)]

complexes of up to 4 iron atoms due to electrostatic interactions. These clusters electro-

statically interact with the polymer, reducing the overall charge, and thus favoring intra-polymer

34



I/a.u.

0.01 0.1 1

q/nmt

Figure 5.2: Excerpt of selected time points of azimuthally integrated in situ SAXS data of the coprecipi-
tation of magnetite in the presence of poly-L-arginine at pH 11. Within the first 5 min we see a scattering
contribution of iron density fluctuation with a radial density decrease following a power law of 2, indicated
by the scattering power law envelope of q2. From the transition of this slope to the intensity plateau (q°)
a characteristic correlation length of £=27/q~8 nm of these density fluctuations can be inferred. With time
(30 min) the scattering contribution of these density fluctuations, or precursor particles, increase until solid
nanoparticles appear at around 40 min. The nanoparticles grow continuously, visible in the constant shift of
the form factor minimum to higher ¢, as indicated by the arrows. The scattering envelope of less then q*
for late time points indicate that the precursor particles coexist with the solid nanoparticles, that would, by
themselves, scatter as 4. After approximately 2 hours the particles become ferrimagnetic with the inherent
permanent magnetic dipole moment, that induces chaining of the particles apparent in the increase in inten-
sity at low q. These chains appear locally stiff and rod-like (q!), while the complete chain deviates from an
ideal rod conformation and appears more flexible (q"*®). From the intensity factor between the extrapolated
forward scattering of the single nanoparticle and the intensity at lowest ¢ (indicated by the dotted line and
the arrow), we can estimate the number of particles per chain to be at least 100 magnetite nanoparticles.
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interaction, which manifests itself in the reduction of the Flory parameter. From the power-law
(q“) a ~-2 at high q a Flory parameter of 0.5, that of a Gaussian polymer coil, is suggested. [110] ii)
The poly-L-arginine is decorated with primary particles thus collapses due to charge neutralization
to a Gaussian coil as in i). In both cases, the polymer functions as a scaffold to aggregate particles.
However, the gyration radius of ~4-5 nm of these structures exceeds by a factor 5 the expected
size for an aggregate of condensed iron immobilized on the 5-15 kDa polymer, which would have an
expected gyration radius of 1-2 nm given an amino acid backbone with a unit length of 0.4 nm per
amino acid. Further, the molecular weight of the polymer does not influence the morphology and
size of the condensed structures, as we will see in section Section 5.4.3, which would be expected if
the polymer was acting as a scaffold.

The appearance of form factor oscillation after 30 min (arrow Figure 5.2) indicates the presence of
solid nanoparticles. The continuous shift of the form factor minimum to lower q indicates a contin-
uous growth of the nanoparticles, either by the attachment of molecular iron or by consumption of
the formed precursor particles. For solid nanoparticles, a scattering power law of q# is expected.
However, at any time point after the appearance of solid nanoparticles, we find a scattering envelope
of less than -4. We can thus assume a continuing scattering contribution of the precursor structures
that were formed during the first 30 min and are continuously reformed due to the continuous
addition of iron solution.

An increase in intensity at low q after 120 min indicates the formation of particle chains with a local
stiffness, seen in the power law of g at mid q, that seem less stiff when the window of observation
is increased (low ). We can estimate the number of particles per chain from the scaling factor
between the forward scattering intensities of the chains and the particles. After two hours, chains
should contain on average more than 100 magnetite nanoparticles. Also, based on SAXS data, we
can confidently refute the formation path in Figure 5.1 3) that has been previously presented as the
underlying mechanism for the mesocrystal formation. [%°) The key step was the concerted assembly of
a 10 nm sized single species of magnetite, forming a unique species of 40 nm sized mesocrystals, that
were not considered to continue growing but only increase in concentration. In SAXS we neither
find a unique species of 10 nm, nor 40 nm particles. Further, the continuous particle growth, the
effect of pH, forming meso- and solid crystals cannot be predicted based on the formerly proposed
mechanism.

With this working hypothesis for the expected mechanism we engage in further analysis of the SAXS

data using analytical form factor models.

5.3 Analytical SAXS Model

As introduced earlier, the mathematical description of the scattering process can be obtained by

the Fourier transform of the scattering length density distribution function. Real space informa-
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Figure 5.3: Simulated scattering curves of the iron-containing structures that we envision to be involved
in the formation of magnetite nanoparticles. A low-density iron phase (yellow) initially exist and will be
transformed to magnetite seed particles (light blue circles) that grow with time. After crossing the stable
single domain size threshold particles will interact and form chains due to dipolar interaction resulting in a
structure factor (dark blue). Scattering curves for the appropriate structures are colored according to the
color of the structure, while the dark grey curve shows the combined scattering of all structures present and
the depicted time point.

tion cannot be readily obtained through an inverse Fourier transform, due to the loss of phase
information in the scattering process. Thus, we here rely on the numerous analytical solutions of
the Fourier transform of the scattering length density distribution function proposed for different
particle morphologies. For the sake of thesis space, we will abstain from an elaborate discussion of
the form factor derivations and refer the interested reader to the appropriate literature. Following
the proposed formation path, which is schematically shown in Figure 5.1, we model the precursor
structures with a fractal (yellow structures) intensity form factor with a cut-off radius proposed by
Hurd and Flower [''!). The growing nanoparticles (light blue circles) are approximated by the square
of the modulus of the classical sphere form factor amplitude. Particle size distribution is modeled
assuming a Schulz-Zimm probability distribution function. Chain formation (dark blue chains of
particles) due to anisotropic magnetic interaction was modeled using a square well potential. All
scattering models were implemented into the Matlab-based SASET program. 12l All datasets and
corresponding fits are attached in the Appendix, Figure 8.

5.4 Quantitative SAXS Data Analysis

5.4.1 Influence of pH

The effect of pH on the formation of poly-L-arginine/magnetite particles is most unexpected. We
have concluded section 4 with the conviction, that nucleation pathways of magnetite in the presence

of poly-L-arginine cannot be classically explained by thermodynamic energy minimization based ion
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Figure 5.4: An excerpt of the SAXS data in absolute scale with corresponding fits is shown in a). We fitted
the radial growth of nanoparticles with an exponential time dependence fixing the power law to 2.6. We
described time-dependent evolution of nanoparticle and precursor concentration with an exponential. The
concentration of the precursor particles c¢) exhibit an induction phase (k; pre=0.03 mm~!s~1) and a second
phase at which precursor particles are consumed by growing nanoparticles appearing after approximately
after 300 s. (Kgr,pre=0.00021 mm~'s™!). The volume fraction d) of nanoparticles increases at a rate of
ker onp=0.00021 mm~'s~!. For all pH the increase of concentration of the precursor particles as well as the
volume fraction of the nanoparticles follow the same rate.

accretion from solution. In summary, two observations were particularly obscure: i) the inversion
of the size dependence of magnetite with pH compared to particles prepared in the absence of any
additive and ii) the change in morphology, finding spherical, solid magnetite single crystals below
pH 11, while particles above pH 11 will be formed as substructured mesocrystals, however, exhibit-
ing properties of single crystals.

We have thus investigated the formation of magnetite in the presence of poly-L-arginine by in situ
SAXS at pH 10, 10.75 and 11. Representative, SAXS data at pH 11 for different time points of
the synthesis are shown in Figure 5.4 a). Corresponding fits are based on the analytical scattering
model proposed in Section 5.3. Due to the dominant scattering of precursor particles within the
first minutes of the reaction, their structure was readily determined to have a fractal dimension of

2.2 and a gyration radius of ~4-5 nm. A change in pH unalters the fractal dimension as well as
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the size of these precursor particles. Approximating the nanoparticles as spheres we thus fit as free
parameters the radius Figure 5.4 b) and the volume fraction Figure 5.4 d) of the growing magnetite
nanoparticles as well as the forward scattering c) of the precursor particles, which is proportional
to their number density. All concentrations were normalized by the residual volume in the reactor,
taking into account sample withdraw, solution evaporation —due to the nitrogen stream— and added
iron and sodium hydroxide solution during the experiment. The kinetics of the size evolution of
magnetite was fitted as R™(t) = kt neglecting the particle seed size, Ri—g. The kinetic law, in its
integrated form, is written as R(t) = kt'/™ with the rate constant k and the growth exponent n,
indicative of the growth mechanism. Concentrations of precursors and nanoparticles were fitted
assuming a first-order reaction mechanism as c(t) = 10% - ¢g.

The growth rate of the particles is proportional to the pH and increases from 0.059 nms—!,

Table 5.1: Kinetic parameters fitted at different pH values for the growth (kgr) and increase of num-
ber density (kgrnp) of the magnetite nanoparticles. The initial and final increase precursor concentration
(ki pre,Ker,pre) are also shown.

pH kR ki,pre kgr,pre kgr,NP
[mm~t s [mm~ts71 [s71]

10 0.341£0.0015 0.005164-0.00041 0.0002240.000006 0.00018+0.000007

10.75 0.47840.0044 0.0027740.00008 0.000154-0.000008 0.00022+0.000005

11 0.5804-0.0029 0.002514-0.00009 0.000194-0.000004 0.00018+0.000007

0.14 nms™ ', to 0.23 nms~! for pH 10, 10.75 and 11, respectively. While the growth rate is highly de-
pendent on pH, we find a growth exponent of 2.6 consistently, implying a uniform growth mechanism
for all pH values, even though the morphology of the final particles diverges drastically. The concen-
tration of the precursor particles increases exponentially with a rate constant of k; ,r~0.4 mm s
within the first 300 s after which it flattens off to a rate of kg pre~20.0002 mm~'s~!. Both these
rate constants remain unaltered by a change in pH. Concomitant with the retardation of the rate
of formation of precursor particles, a scattering contribution of solid nanoparticles emerges. Based
on this temporal correlation, we conclude, that the nanoparticles emerge and grow by consumption
of the precursor particles. Due to the monotonic increase in nanoparticle number density REFER-
ENCE SI and precursor particle volume fraction, we conclude that new nanoparticles, as well as
new precursor particles, are persistently produced. Even though the growing nanoparticles consume
precursor particles, their concentration increases over time, indicating that the rate of precursor for-
mation is higher than their consumption rate. The rate constants for the increase in nanoparticle
concentration (kg np=0.00019 min_l) from Figure 5.4 d) is surprisingly consistent with the rates
obtained for the increase in precursor particle concentration. All kinetic parameters are summarized
in Table 5.1

39



- 103 -6
S = 10
< =
P = 10 e 107
S S ki pre=0.00188
) C 108
= 105 -
iy (15203222 10 Kgr, pre=0.00021 10
kR,25:0'5949
kR,45=0'7773 4
sl PR | 10-6 10-10 P TR Y [T
1000 10000 2000 4000 6000 2000 4000 6000
Time /s Time /s Time /s

Figure 5.5: Time dependent parameters from synthesis conducted at 15°C, 25°C and 45°C. From the
temperature dependence of radial nanoparticle growth in a) increasing with increasing temperature from
k15=0.05,ko5=0.25, to k45=0.50 we later obtain the activation energy. The evolution of precursor and
nanoparticle concentration are shown in b) and ¢) showing the precursor forward scattering and the nanopar-
ticle volume fraction @, respectively. The corresponding kinetic constants are summarized in Table 5.2

5.4.2 Influence of Temperature

From the temperature dependence of magnetite formation, energetic clues about the nucleation
mechanism can be inferred. Widdrat et al.['13] modeled the temperature dependence of the monomer
addition rate of primary particles to growing nanoparticles, discriminating between a diffusion-
limited and a reaction-limited growth model. Comparing the parameterized growth kinetics, to
particle sizes obtained from PXRD measurements, it was concluded, that the growth of magnetite
is likely limited by the reaction. Following this example, we studied the effect of temperature (15°C,
25°C, 45°C) for poly-L-arginine/magnetite particles at pH 11 by in situ SAXS.

The parameters obtained from fitting of the SAXS data are shown in Figure 5.5. Growth rates have
Table 5.2: Kinetic parameters fitted at different temperatures for the growth of mesocrystals (kg). The

increase of number density (kg np) of the magnetite nanoparticles and the initial and final increase precursor
concentration (ki pre,Kgr,pre) are also shown.

T kR ki,pre kgr,pre kgr,NP

[°C] [mm~ts~!] [mm~ts~!] [s71]

15 0.322 £ 0.0007 0.000034 + 0.00003 0.00014+0.000008 0.00023+0.000014
25 0.594 + 0.002 0.000097 £ 0.00001 0.00019+0.000004 0.00018+0.000007
45 0.777 £ 0.01 0.001010 £ 0.00004 0.00030+0.00003 0.00033+0.000011

been calculated using models introduced earlier in Section 5.4.1 to obtain the rate constant of the
growth of the nanoparticle’s radius (kgr) and number density (kq, np) as well as the evolution of the
precursor particle’s concentration. All kinetic parameters obtained are summarized in Table 5.2.

As for the pH dependence, the growth exponent was fixed to be 2.6 and best fit results where
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Figure 5.6: Arrhenius plot of the temperature dependence of mesocrystal growth rate. The activation
energy of the precursor attachment is calculated from the slope of the linear regression divided by the gas
constant. We find an activation energy of 20.72 kJ/mol, which is slightly lower compared to Widdrat et
al.['3] that found an activation barrier for magnetite nucleation in the absence of any additives and at pH
9 of 24 kJ/mol.

obtained fixing the final size and fractal dimension of the precursor particles to ~5 nm and a fractal
dimension of 2.2, respectively. However, looking at the size evolution of the precursor particle at
15°C, an increase within the first 1500 s is apparent, as shown in the Appendix in Figure 5. This
increase in size was taken into account and thus the radius of gyration of the precursor particles
not fixed in the fitting routine of SAXS data recorded at 15°C. This precursor growth could not be
temporally resolved for data collected at standard temperature and higher, due to the temperature-
dependent increase in reaction rate, quantified by the growth rate kg 15=0.322, kg 25=0.594 and
kg 45=0.777, respectively. From the temperature dependence of the rate constants, we obtain the
activation energy, Ea, of 20.72 kJ/mol of the reaction using the linearized Arrhenius equation
Ink = Ink, — E,/(RT), with the pre-exponential factor kg. The corresponding Arrhenius plot is
shown in Figure 5.6. This activation energy is slightly lower compared to Widdrat et al.[''3] that
found an activation barrier for magnetite nucleation in the absence of any additives and at pH 9
of 24 kJ/mol. The increase in the number density of the precursor structures as well as for the
nanoparticles may be present as observed in other experiments. The fitting results, however, suffer

from a strong scattering background and the from large errorbars of the fitted parameters.

5.4.3 Influence of Molecular Weight

From the study of the influence of molecular weight we can clearly refute alternative formation
mechanisms. We assume that any mechanism that is based on the immobilization of either primary

particles or matured magnetite nanoparticles, as proposed earlier in Figure 5.1, should be intimately
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Figure 5.7: Parameters obtained from fitting SAXS data obtained for synthesis, where different molecular
weights (29 kDa, 15-75 kDa, 70-150 kDa) of poly-L-arginine were used to produce mesocrystals at pH
11. Kinetic constants fitted to the growth of nanoparticles and the increase in the number density of the
precursor structures and the nanoparticles are close to identical. The molecular weight of poly-L-arginine is
thus assumed not to affect the formation of magnetite mesocrystals.

influenced by the chain length of the polymer resulting in either a change of precursor or nanoparticle
size or both. We thus prepared mesocrystals at pH 11 using 29 kDa, 15-75 kDa and 70-150 kDa
poly-L-arginine with corresponding monomer numbers of 185, 100-480 and 450-960 respectively. The
time evolution of the parameters obtained from SAXS data fitting is shown in Figure 5.7. Precursor
size and fractal dimension of ~5 nm and 2.2 respectively resulted again in best fitting results for all
molecular weights. Kinetic constants were fitted according to equations in Section 5.4.1. Respective
growth constants for all molecular weights can be found in 5.3. It is striking, how preposterously
identical the results for different molecular weights are. A significant effect of poly-L-arginine’s

molecular weight in these size ranges on the formation of magnetite is thus precluded.

Table 5.3: Kinetic parameters fitted to time dependent parameters obtained from in situ SAXS data. The
growth (kg) and increase of number density (kg np) of the magnetite nanoparticles, as well as the initial and
final increase in precursor concentration (ki pre,Kgr,pre) are shown.

Mw kR ki,pre kgr,pre kgr,NP
[kDa] [mm~1s71] [mm~1s71 [s71]

29 0.59140.002 0.002440.0001 0.000184-0.000002 0.00018+0.000008
15-70 0.56940.003 0.001740.0002 0.0001940.000003 0.00018+0.000006
>70 0.594+0.001 0.0025=£0.0001 0.0001840.000002 0.00020+0.000008
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Figure 5.8: Parameters obtained from fitting in situ SAXS data collected at different time points of
magnetite co-precipitation comparing different addition rates of iron solution. From left to right we plot the
radial growth of nanoparticles, the increase in precursor concentration and the volume fraction, ® of solid
nanoparticles. An increase of the particle growth rate a) with an increase in feeding rate was predicted, but
could not be confirmed, as the growth rate does not follow the iron addition rate uniformly. To accelerate
the nanoparticle growth, we find an optimal feeding rate of 3 pL./ min under the given conditions. Fitted
kinetic parameters are summarized in Table 5.4.

5.4.4 Influence of Iron Feeding Rate

Following the argumentation by Baumgartner et al.’”! that the growth rate of pure magnetite
is proportional to the iron reservoir available per growing particle, we expect increased growth
kinetics, when more iron is supplied from which the nanoparticles can grow. We thus investigated
the effect of the feeding rate of the iron solution into the synthesis. poly-L-arginine/magnetite
mesocrystals were prepared at pH 11 and a constant polymer concentration of 1 mgmL~™!, while
the addition rate of the iron solution was varied to be 1 pL/min, 3 pL/min (standard addition

rate) and 6 pL/ min. In situ SAXS data was fitted according to Section 5.3 and the time-dependent

Table 5.4: Kinetic parameters obtained from fitting time dependent scattering parameters obtained from in
situ SAXS data for different feeding rates of iron solution. The growth (kr) and increase of number density
(kgr,np) of the magnetite nanoparticles, as well as the initial and final increase in precursor concentration
(ki pre,Ker pre) are shown.

iron feed kr K; pre Kgr pre Kgr NP

[1L/ min] [mm~!s~!] [mm~ts~!] [s71]

1 0.522+0.003 0.002614-0.00033 0.000164-0.000006 0.00020+0.000010
3 0.581+£0.005 0.002514-0.00009 0.00019+0.000004 0.00018+0.000007
6 0.4434-0.002 0.0024240.00008 0.000164-0.000005 0.00018+0.000007

fitting parameters plotted in Figure 5.8. Best fits were obtained using a precursor particle size of

~5 nm and a fractal dimension of 2.2. We obtained kinetic constants according to models proposed
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Figure 5.9: Time dependent fitting parameters obtained from in situ SAXS data taken for different con-
centrations of poly-L-arginine for mesocrystals prepared at pH 11 and an iron feeding rate of 3pL min~!. a)
shows the radial growth of the nanoparticles. In b) and c) the respective evolution of the concentration of
precursor particles and the volume fraction of mesocrystals is shown. The radial growth rate decreases with
increasing polymer concentration. Fitted kinetic parameters are summarized in Table 5.5.

in 5.4.1 assuming a mechanism that corresponds to a growth exponent of 2.6. Growth rates for
different iron feeding rates are summarized in Table 5.4. The expected dependence of an increase
in growth kinetics with an increased iron feeding rate cannot be confirmed. There is no continuous
trend of the feeding rate with the growth kinetics of the mesocrystals. We rather find an optimal
feeding rate of 3 nL./ min to optimize the particles growth rate under given conditions. Again, the
growth rates of the concentration of the nanoparticles are close to identical. Total concentrations

and volume fractions, however, are proportional to the feeding rate.

5.4.5 Influence of Polymer Concentration

To investigate the influence of polymer on the nucleation of magnetite, we imagined that any effect
the polymer has on the nucleation of magnetite may be amplified, when more polymer is present.
Further, following the initial thought of a polymer stabilized precursor iron phases, we may expect an
effect on the polymorph selection, as it has been reported in literature for amorphous CaCOs;. [92,114]
We thus synthesized mesocrystals at pH 11 while adapting the concentration of poly-L-arginine to
be 0.075 mgmL~!, 0.1 mgmL~! and 0.3 mgmL~'. The parameters obtained from in situ SAXS
measurements are shown in Figure 5.9. Best to the SAXS data fitting analytical description was
obtained fixing the radius of gyration and the fractal dimension of the precursor particles to ~5 nm

and 2.2, respectively. The fitted kinetic parameters are summarized in Table 5.5.
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Table 5.5: Kinetic parameters obtained from fitting time dependent scattering parameters obtained from
in situ SAXS data obtained for polyR concentrations. Mesocrystal growth (kr) and increase of number
density (kgrnp) of the nanoparticles, the initial and final increase precursor concentration (ki pre,Kgr,pre) are
summarized.

CpolyR kR ki,pre kgr,pre kgr,NP

[mg mL 1] [mm~1s71] [mm~!s™] [s71]

0.075 0.554+£0.010 0.0020£0.0002 0.00019-0.000003 0.00018-£0.000009
0.150 0.519+0.003 0.0026£0.0001 0.00019=+0.000004 0.00017=£0.000008
0.600 0.4424+0.001 0.0016£0.0001 0.00014=£0.000005 0.00018+0.000011

5.4.6 Summary Results

Summarizing in situ SAXS data, we find a radial growth exponent for the nanoparticles of 2.6 inde-
pendent of the parameters tested. Except for the temperature-dependent measurements, the same
rate of concentration increase of the precursor structures and the nanoparticles is prevalent in all
parameters tested. Consistently for all measurements, an initial increase of precursor concentration
is retarded concomitant with the appearance of nanoparticles. For a maximum radial growth rate
of nanoparticles, we find an optimal iron feeding rate of 3 pL min~! and polymer concentration of
0.1 mgmL~!. We find an inversion of the growth rate in dependence of pH, compared to the forma-
tion of magnetite in the absence of any additives. The highest growth rate measure in was achieved
for pH 11, where mesocrystals are obtained. Independent of the parameters tested, we could not
identify a change of the structure of the precursor particles. We find no significance influences of
poly-L-arginine’s molecular weight on the growth rate of nanoparticles, nor the structure and size

of the precursor particles.

5.5 Discussion

5.5.1 Growth Mechanism

The growth exponent, n, is a characteristic parameter to decipher the reaction mechanism. We
expect a growth exponent of n=1 for reaction, n=2 for diffusion-limited growth and n=3 for grain

5] However, we find a growth exponent of 2.6 consis-

ripening based on Ostwald’s mechanism. |
tently, indicating a rather slow growth, compared to the reaction- and diffusion-limited growth. We
can thus not simply classify our reaction and can thus not simply proceed with kinetic description
developed for either of them. Not only the growth model does not fit existing theories but also
the increase in monodispersity of the formed nanoparticles with time is surprising. For a purely

stochastic nucleation process, with newly formed nanoparticles and nonpreferential adsorption of
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precursor particles, self-similarity 16 of the formed particles is expected, as it was also shown for

pure magnetite[‘r’g}

, predicting an n-fold increase in particles size distribution with an n-fold increase
in particle size. Thus a progressing polydispersity with nanoparticle growth is suggested, which is
in harsh contrast to what we observe in our system. Classical theories may fail to predict our obser-
vation as they have been developed for closed systems. The consecutive addition of iron and thus,
the constant supply with freshly formed precursor particles and nanoparticles, as we observe it in
SAXS, may induce a complexity of the resulting structural data that exceeds our current capabili-
ties to predict a complete and comprehensive formation mechanism. However, pivotal conclusions

are still concealed in the SAXS data.

5.5.2 Shifting from Thermodynamic Control to Kinetic Control

In 1.1 we have learned that the overall kinetics of phase separation or nucleation can be described

as the product of a thermodynamic term e 2C/ksT

and a second term describing kinetic barri-
ers with energy E5 (such as ion dissolution and structural rearrangements)e#4/k8T [72] While we
have demonstrated in section Section 4.1 that thermodynamic considerations were not sufficient
to describe static dependence of nanoparticle size on pH, in situ SAXS data now elucidates that,
correlative to the static properties, the growth rate, kg, of the nanoparticles is proportional to pH,
opposed to magnetite precipitated in the absence of additives. [72]

We thus propose that, by the addition of poly-L-arginine, the thermodynamically controlled for-
mation mechanism of pure magnetite is shifted to a kinetic one so that the kinetic term e~ 2C/ksT
essentially drives the formation of nanoparticles. Especially the observed low density of the pre-
cursor structures supports this hypothesis. In agreement with the Ostwald step rule introduced
in section Section 1.2, a less dense and thus thermodynamically less stable amorphous phase will
form more readily compared to a dense, crystalline polymorph. A cascade of solid-state transitions
will then form the final crystalline phase. The proposed low density for precursors fits well the
proposed precursor structure observed by SAXS. Processes governed by these successive transfor-
mations of phases are also well known in biomineralization and are considered to be kinetically
controlled. Involvement in this process of charged macromolecules has been reported for in vivo
[b1,114] |

and in vitro systems that are considered to kinetically stabilize metastable polymorphs. cite

more, amorphous polymorphs in vitro and in situ]

We postulate that poly-L-arginine kinetically stabilizes the low-density precursor particles, ar-
guably a metastable polymorph of magnetite, and thus alters the successive phase transformation
involved in the nucleation process of magnetite. We thus suggest a formation mechanism for poly-
L-arginine /magnetite involving the insinuated sequential structural transitions schematically shown

in Figure 5.10, including the corresponding energy landscape of the reaction, as well as a qualita-
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tive theromodynamic stability of the proposed structures and corresponding activation energies of
foreseen transformations. The schematic reactions a) and this energy diagram will be the bases of
the mechanistic discussion in following paragraphs. The numbers in Figure 5.10, correspond to a
reaction step and will be referenced in the headings of the consecutive chapters. We do not guaran-
tee that this pathway includes all structures involved in the formation of magnetite in the presence
of poly-L-arginine. However, a majority of the observations from in situ SAXS measurements can

be explained based on the predicted structures.

5.5.3 Step 1 and 2: Formation of Precursor Particles

Step 1 in Figure 5.10 describes the formation of the 5 nm, low-density precursor structures from
solution. If we assume that these structures were formed by accretion of ion from solution, classical
nucleation theory should be applicable, stating that the formation is driven by supersaturation,
which in turn is dependent on the precipitation pH and hence is the thermodynamic activation
energy. Congruent to magnetite formation in the absence of additive, we should thus find an anti-
proportionality of pH and the gyration radius of the precursor particles. Another possibility is the
inversion of precursor size with pH, which would hint to a similar formation mechanism for the
precursor particles, compared to the nanoparticles. We could not find clear evidence for a change in
precursor size with a changing pH in thein situ SAXS data. The structure, size, and intra-particle
dynamics will be subject of an upcoming cryo-XANES/EXAFS beamtime, which will provide us
with data to answer these questions.

Mechanistic conclusions, however, can also be obtained from the structure of the precursor particles.

[117] we find that a fractal dimension of 2.2 can be attributed to structures formed

[71,108,109]

Following Schéfer
in a reaction-limited cluster-cluster aggregation process. Following literature we imagine
the building blocks of the precursor particles to be low-molecular ferric oligomers of di-or tri-mer iron
complexes. Due to its lower solubility at alkaline conditions, we assume a prevalence of ferric iron in
the precursor particles. This suggests that the dominant iron phase in the early nucleation steps is a
disordered, non-crystalline ferric oxyhydroxide, like ferrihydrite. Structures similar to our precursor
particles have been reported previously for iron oxide formation from ferric salts in systems with

low driving force for phase separation (low pH)[0%118-120]

, also exhibiting low fractal dimension
between 2.2 and 2.51217123] and sizes ranging from 4 to 9 nm. These structures are, under standard
conditions, not know to be thermodynamically stable at high alkalinity, which further supports the
idea of an increase of the kinetic barrier for phase transformation when poly-L-arginine interacts

with the low-density precursor particles.
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Figure 5.10: Scheme of the proposed final mechanism. Main reaction steps are indicated by solid arrows and
numbers, while numbers indicating possible side or alternative reactions are marked with and dotted arrows.
Capital letters indicate the final nanoparticle morphology that can be either substructured mesocrystalline
(A) above pH 11 or spherically dense (B) below pH 11. We have qualitatively defined the free energy of
proposed species and the corresponding energy barriers. Density, degree of hydration and atomic ordering,
classify the proposed structures as either a solute (light gray), an amorphous, metastable precursor (gray)
or thermodynamically stable, crystalline magnetite (dark grey). In order to explain the effect of pH, we
have colored affected activation barriers in red (low pH) and blue (high pH). Energie barriers proposed to
exist are the critical barrier of seed/precursor formation, AG..;, the energy barrier associated with the self
condensation of precursor particles to form magnetite nanoparticle seeds, AG,qns, that competes with the
attachment of precursors to growing nanoparticles, AGuttacn(pH). We identify this step to determine the
nanoparticle growth rate, kg, which is catalyzed at high pH, consistent with the first step of the oxolation
reaction (bottom left). After the attachment, precursors need to migrate over the nanoparticle surface in
order to attach,AGy;(pH), which is retarded at high pH in the second oxolation reaction step, ky;. The solid-
state transformation from the low-density precursor particle to magnetite, AGr(pH) , is accelerated at high
pH, leaving the attached precursor particle less time to migrate over the nanoparticle surface, inducing the
substructuring. From the in situ SAXS data, we cannot unambiguously determine the fate of the polymer,
that may be consumed during nanoparticle growth or released during the crystallization of the precursor
particles. We identify step 1, the electrostatic stabilization of the precursor through the polymer, as the
critical step, shifting magnetite nucleation from thermodynamic to kinetic control. We do not guarantee,
that this scheme includes all structures present in the formation of magnetite nanoparticles in the presence
of poly-L-arginine, also, pH-dependent energy barriers, that we identified to be responsible for the solid-to-
mesocrystalline transition are colored, which must not imply that other energy barriers are not affected by
pH.
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5.5.4 Step 3 and 4: Nucleation of Magnetite Seeds

The retardation of the increase in concentration of the precursor structures, visible in all figures
showing the evolution of the forward scattering, which temporally correlates with the appearance
of solid nanoparticles, suggests that magnetite is formed via a solid-state phase transition from
ferrihydrite precursor particles to magnetite seeds. We propose, that this transition is induced
when the precursor particles grow to certain maximum size reducing their surface to volume ratio.
Below a given S/V ratio ferrihydrite can be considered ase thermodynamically unstable, with respect
magnetite thus inducing the solid state transformation.! "2 We can envision two mechanisms by
which this maximum size is reached: i) step 3 growth of the precursor particles by accretion of
ferric oligomers or ii) step 3’ aggregation of two precursor particles. While for measurements at
25°C the growth process is to fast to be temporally resolved, in situ SAXS measurements performed
at 15°C, slow down the reaction to the extent that growth of the precursor a continuous particle is
suggested. Due to the ultra-low iron concentration at early stages of the synthesis, we suffer from
low scattering intensity, and we thus lack reliable data. We thus abstain from an unambiguous

evaluation of this growth step.

5.5.5 Step 5: pH Dependent Nanoparticle Growth

Consecutively to the seeding phase, we observe the growth of magnetite nanoparticles and presume,
that the retardation of the increase in precursor concentration is not only due to the formation of
seeds, but also due to their consumption by the growing magnetite nanoparticles.

From the temperature-dependent in situ SAXS measurements we determined the activation energy
for the growth step to be 20.7 kJ/mol, which is on the order of the activation energy found for
the formation of magnetite in the absence of additives at pH 9.[''?lAs the growth of the naked
nanoparticles with similar activation energy was reported to be kinetically controlled, we proceed

[113] Assuming an isotropic growth, the evolution

to model our particle growth according to literature.
of particle size via the attachment of monomers of volume, Vy, and concentration, c(t)g, can be

quantified by,

dr Vocok(r, T) B Voc(t)k(r,T)

dt 472 472

(5.5.1)

where k(r,T) is the reaction rate. Envisioning the attachment step of a precursor particle to the
growing nanoparticle surface as a 2 step process, we identify two rate limiting factors. FEither
the diffusion kgig, of the precursor particle to the nanoparticle may be the rate limiting step, or

the reaction at the attachment site, kpeac. In the case of reaction limited growth, we will find

'No data available for magnetite. We assume that activation energies are in the order of maghemite and hematite.
Due to addition of polymer a theoretical quantification remains difficult
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Figure 5.11: Experimentally determined radial growth of magnetite nanoparticles in the presence of poly-
L-arginine compared to a reaction limited growth that has been simulated based on experimentally obtained

parameters. We find that the simulation —even though not in absolute numbers— exhibits a much faster
growth compared to the experiment.

Kpeac<<kgif. Concluding that the nanoparticle growth is likely reaction limited, we thus substitute
k(r,T) into Equation (5.5.1) with:

kreac = 47T(T + TO)Qkoe_EA/kBT (552)

We assume a homogeneous distribution of precursor particles that bind to the growing nanoparticles
with a frequency, c(t)ko, where c(t) is the precursor concentration, incrementing the nanoparticle
size by Vp ~ 1/ Rgf e — /5nm22 = 3.2 nm?® corresponding to a condensed (Dy = 3), crystallized
precursor particle. As the pre-exponential factor, kg, cannot be quantified, we also abstain from a
precise quantification of the precursor concentration and use the experimentally obtained forward
scattering instead. This justifiable for a constant volume of precursor particles and a constant
scattering length density contrast for the precursor particles. We thus model the particle growth
in arbitrary units of size in Figure 5.11 and find, that the simulated growth exponent exceeds the
experimentally obtained one by a factor 6, indicative of much faster growth, then experimentally
observed. There must hence be other effects, or further growth steps additional to the simple
description of diffusion and reaction, that retards the nanoparticle growth, decreasing the exper-
imentally observed growth mechanism. Taking a step back and looking at the reaction limited
growth rate, we find that we have excluded the pre-exponential factor, kg, from any quantitative
evaluation. It reflects the temperature-independent entropic contribution to the activation barrier,

AG it a8

e*BT = ¢*BT .¢khp = kg - e FBT (5.5.3)

we thus propose, that the limitation of the nanoparticle growth does not necessarily come from the

enthalpic contribution to the free energy activation barrier, but may be limited by entropy. Similarly
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125] ' we infer, that the nucleation of precursor particles at

to the aggregation of charged solutes!
the nanoparticle interface is driven the gain in entropy associated with the release of hydration
water and polymer upon crystallization of the precursor, similar to what has been reported for
aggregation of calcium phosphate. (126] Thus, numerous effects, including counter ion concentration,
polymer persistence length, and surface charge density of the polymer and the nanoparticles should
significantly influence the energy landscape of our reaction. With the intention the explain the effect
of pH on the nucleation rate, we envision that at higher pH precursor are more strongly hydrated and
thus release more hydration water upon crystallization, which, in turn, drives nucleation. Therefore
one possible explanation for the increase in reaction rates at high alklalinity is the increased release
of hydration water at high pH.

Following the line of thought of a reaction limited growth process, another explanation for the pH-
dependent kinetics may be possible. We identify the oxolation reaction, shown in the bottom right
of Figure 5.10, as the paramount reaction involved in the attachment step. In the following we want
to elucidate, how this reaction may be responsible for the inverted dependence of the growth rate on
pH and, in parts, the single- to mesocrystal transformation can be explained based on this reaction
mechanism. The first step, kg in Figure 5.10, in this nucleophilic two-step associative (presence of
transition state) reaction mechanism (Sn2) controls the kinetics of the precursor attachment and
thus the rate of nanoparticle growth. The first step involves the formation of a hrydroxo bridge via
the nucleophilic attack of a hydroxy-oxygen to a partially positively charged iron. The presence of
hydroxide ions increases the nucleophilicity of the oxygen (see transition state Figure 5.10 bottom
right) and thus the addition step, ki, is increasingly catalyzed at higher alkalinity. We suggest this
to be the pivotal step explaining the inversion of k with increasing pH. In the absence of additives,
thermodynamics governs the nucleation, while kinetics takes over when poly-L-arginine is added.
As introduced earlier, the thermodynamic and the kinetic energy barrier, governing the growth rate,
are unequally proportional to the pH, thus explaining the effect of size inversion with pH.

The second step of the oxolation mechanism, however, is not favored by an increase in pH. For the
final oxo bridge to be formed, an aquo leaving group in the ligand field of iron is required. With
an increase in pH the deprotonation equilibrium constant favors the existence of hydroxy over aquo
ligands. In the balance of the reaction, we need one aquo leaving group for each oxo bridge formed,
thus even though the first addition step is heavily catalyzed at alkaline conditions, the number of
further bonds that can be formed within some time interval decreases. Let us keep this in mind for
the final step of nanoparticle formation, which conceptualizes the transition from spherical single

crystals to sub-structured mesocrystals between pH 10 and 11.
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5.5.6 Step 6 and 7: pH Dependent Wetting Behavior and Crystallization Ki-

netics Induce Mesocrystal Formation

After the first bond formation between the growing nanoparticle and the precursors in the attach-
ment step, we necessarily need the formation of additional bonds and an inherent creation of a new
interface between precursor- and nanoparticles.

If we assume the precursor particle to be a liquid, which approximately holds due to its high dy-
namics and solute like nature[mo], we can regard step 6 of the precursor/nanoparticle interaction
as a surface wetting process by the liquid-like precursor. We can thus define the interaction as a
balance between cohesive and adhesive forces that may be affected by the surrounding pH, using

the simplified Young’s equation for planar surfaces:

Ay, m0(PH) = Avarepre(PH) + AYH,0 pre(PH )cos(0(pH) (5.5.4)

The surface energies of the precursors and the magnetite nanoparticle, are doubtlessly different and
experimentally not accessible, therefore the surface tension between water and magnetite (Yare, 7,0),
water and precursor (Ym,opre) and magnetite precursor (vas¢pre) not quantifiable and thus we

cannot obtain an absolute value for contact angle,f:

0 — COS_l <7Mt,H20 - ’YMt,pre) (5 5 5)
YH>O,pre

However, postulating that an effect of pH would equivalently effect the surface energy of magnetite
and ferrihydrite but not the one of water, the dependence of the contact angle with pH,0(pH),

simplifies to:

(5.5.6)

0(ph) ~ cos™! (1 _ Ath(PH)>

APVHgO,pre (pH)

Considering, that an increase in pH would equally deprotonate surface hydroxl groups of mag-
netite and ferrihydrite, we can deduce an increase in surface tension between the progressively
equally charged magnetite and ferrihydrite, while the surface tension between magnetite and wa-
ter decreases.'?”) We thus find an increase in the contact angle between magnetite and precur-
sor particles with an increase in pH. In its limits, we thus propose complete surface wetting for
the interaction at low pH and no surface wetting at high pH, as schematically shown in Fig-
ure 5.12. Following this concept of increasing interfacial energy with increasing pH we predict,
that the surface tension and thus the contact angle at pH 12 is increased to an extent, that no

magnetite/precursor addition will take place. Thus precursor particles condense upon themselves,

resulting in ~ R(D;f #re — /5nm22 ~ 3.2nm3 sized, discrete magnetite nanoparticles.
Additionally, we find the solid phase transition kinetics in step 7 to accelerate with increasing pH,

while bond formation via oxolation is hampered. This results in reduced time for the precursor par-
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Figure 5.12: Scheme of the proposed influence of precipitation pH on the wetting behavior of precursor
particles on a magnetite surface. With an increase in pH surface tension between water and magnetite
J(vmtH,0), as well as water and precursor, (Ypre m,0) decrease, while the tension between precursor and
magnetite increases (Yase,pre), resulting in a higher contact angle at increased pH. We thus propose a high
wetting at pH 9 and 10 and low wetting at pH 11, while non-wetting behavior at pH 12 inhibits the growth
of nanoparticles.

ticles to equilibrate at the surface of the growing nanoparticle and together with the proposed high
contact angle induces the formation of a substructured mesocrystal (Structure A in Figure 5.10).
In contrast, the high wetting at pH 9 and 10 in combination with the slow solid-state transforma-
tion, leave enough time for the precursor particle to equilibrate around the growing crystal, forming
spherical, solid crystals. As this solid-state transformation can be characterized as a homoepitaxial
growth, meaning that the newly formed crystal adapts its crystallographic register with respect to

the substrate, we obtain single crystals, with single crystal properties at all precipitation pH.

5.5.6.1 The Proposed Mechanism Explains a Majority of Observations

Additionally to the inverted growth rate with respect to pH as well as the solid-to-mesocrystal phase
transition, we are confident, that the above-proposed mechanism can also explain the existence of an
-under the given conditions- ideal feeding rate and ideal polymer concentration, while the molecular
weight does not have any significant influence on the structure of the precursor particles nor the
final morphology of the nanoparticles.

The size of the precursor particles is persistent during all experiments and thus may only be deter-
mined by the precursor’s thermodynamic stability !28]. As the polymer is only present to stabilize
but not necessarily scaffold this structure, there is no influence of the polymers molecular weight,
above a certain size threshold of 16 monomers, shown later in section Section 5.9. The number of
precursor particles will thus be determined by the feeding rate and the amount of polymer present
to stabilize them. However, if too much polymer is present, we could assume that attachment sites
at the surface of the nanoparticles will be blocked, retarding, in turn, nanoparticle growth. Thus
there should be an ideal ratio of the concentration of polymer and feeding rate of iron.

Proposing the multistep growth mechanism, including attachment, wetting, and a solid-state phase
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transition, we assume that this cascade of reactions to must be completed for further growth to ap-
pear. The growth exponent of 2.6, which is slow compared to reaction and diffusion-limited growth,

may be the quantification of this growth retarding multi-step process.

5.6 STEM Tomography for Structural Investigation

Figure 5.13: a) Schematically shows how mesocrystals can still exhibit single crystal coherent diffraction
throughout the particle volume, even though physical gaps are present. When the gap width is a multiple n
of dyi1, coherent diffraction is not significantly affected. Particles imaged solely in transmission mode, appear
to be made out off small platelets, while the volume rendered 3D view c) shows bulges on the surface of the
nanoparticle. The excerpt of the calculated z-stack through the mesocrystals in d) reveals gaps (yellow arrow)
that reach as far as into the center of the mesocrytal (green arrow) and give the impression that the solid
magnetite is grown from the center, as predicted by our mechanism. In an attempt to locate the polymer
via nitrogens characteristic x-ray emission using STEM EDX tomography, the particles suffered severe beam
damage during the 8 h measurement, indicated by the yellow arrows in the before e) and after {) STEM
image.

An important question left to answer concerns the fate of the polymer. Especially in the case of the
mesocrystal one may wonder if the polymer is internalized or released after the attachment step of
the precursor. This will have important implications for the function of the polymer ranging from
scaffolding, structural support, if internalized, to a catalytic functionality, where the polymer is
only necessary to stabilize the precursor and is released after the attachment. We were thus aiming
to localize the polymer in 3D within the mesocrystal using STEM EDX tomography, discriminating
the polymer from the nanoparticles by its characteristic nitrogen x-ray emission.

We thus set up STEM measurements from 0° to -65° and from 0° to +63° including STEM and
EDX measurements at each angle with separate drift correction for the respective measurement.
This resulted in a consecutive beam exposure of the sample for more than 8 hours, inducing strong
beam damage as indicated by the arrows in Figure 5.13 ¢) and d). Long exposure for the EDX
measurements was especially necessary as the N K-ta edge was overshadowed by the dominant
intensities of the O K-a and C K-a. Due to these limitations we did not succeed to obtain an
elementally resolved tomogram.

We thus retrieved and decided to obtain manually focused STEM tomograms to reduce beam
exposure. A volume-rendered three-dimensional reconstruction of the magnetite mesocrystals is

shown in Figure 5.13 a). We see that the often platelet like looking, Figure 5.13 b), outer parts of
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the mesocrystal appear now, in the volume-rendered view, as bulges of magnetite. The virtual slice
trough the mesocrystal obtained from a reconstructed z-stack of images, shows that these bulges
seem to grow from the center of the mesocrystals to the outside leaving gaps between separate

bulges, indicated by the yellow arrows in Figure 5.13 b)

5.6.0.1 Discussion

Unfortunately, we were not able to unambiguously locate poly-L-arginine by its characteristic X-ray
emission within the particles. However, the 3D volume-rendered reconstruction gives us valuable
information about the shape and morphology of the particles, exceeding the possibilities of conven-
tional STEM/TEM, where a 2D projected image is recorded.

Looking virtually inside the particles reveals a centrosymmetric growth and may even reveal the
high contact angles of the earlier proposed dewetting of the precursor particles (see Figure 5.13 b)).

We find that this morphology fits well into the above-proposed formation mechanism.

5.7 Salt Induced Growth Retardation

Figure 5.14: TEM images and SAED patterns in the insets of magnetite prepared at pH 11 in the presence
of an additional 10 mM salt. Different salts, as indicated in the top of each TEM micrograph, have been
added. Scale bars in all images are 100 nm.

All nanoparticle’s growth kinetics show slight retardation for late time points. We can only assume
that this growth retardation may have been the cause, why Reichel et al. could not resolve the
progressing nanoparticle growth based on XRPD measurements of hourly taken samples. Consec-
utively, no further growth was foreseen in these earlier models after the agglomeration step and
particles were thought only to increase their number density. However, concerning the presented in
situ SAXS data a continuous and continuously progressing nanoparticle growth is undeniably ap-
parent. The growth retardation after approximately two hours, however, can be explained looking
at the results obtained from synthesizing magnetite mesocrystals at pH 11 in the presence of an
additional 10 mM NaCl, NaBr, KBr or KCl. TEM micrographs with corresponding SAED patterns
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in the inset can are shown in Figure 5.14. The addition of salt inhibits mesocrystal formation, inde-
pendent of the kind of salt already when the total electrolyte concentration is increased by 10 mM.
All SAED patterns show diffraction rings of an inverse spinel structure with crystal plane spacings
of magnetite. However, the strong broadening of the rings for particles prepared in the presence of

KCl1 and NaCl suggest tiny grain sizes, as it is also evident in the TEM micrographs.

5.7.0.1 Discussion

Co-precipitating ferrous and ferric chloride we obtain 8/3 mol of NaCl for each mol of Fe;O, formed.
Under perfect conditions, a reaction volume of 10 mL and an iron solution addition rate of 1 pL./ min
we thus increase the total NaCl concentration in the reaction by 1.6 mM per hour and are thus,
after 2 h of synthesis (or in situ SAXS measurement), at 30 % of the salt concentration known
to completely inhibit mesocrystal formation. As this process will be continuous, we propose that
the slight growth depression observed in the SAXS data can already be accounted to the increased
concentration of NaCl. This may also explain, why it has not been possible to obtain magnetite
mesocrystals at pH 12. Here, compared to pH 11, the Na™ concentration is already 10 mM higher
due to the increase in pH. We further point out that different salts inhibit Fe;O, formation more or
less strongly. Based on visual evaluation of the TEM images and diffraction patterns in Figure 5.14
we find, that the ability of the salts to inhibit mesocrystal formation complies with the Hofmeister

series [129,130]

and we can sort the salts by increasing retardation ability as NaBr<KBr<NaCl<KCL
This effect suggests that the retardation in mesocrystal (and any other poly-L-arginine/magnetite
particle) formation can be attributed to a hindered interaction of the precursor iron phase with
the polyelectrolyte. Thus, the polyelectrolyte fails to stabilize the precursor phase, and ”standard”

magnetite, similar to magnetite precipitated in the absence of any additive, is formed.

5.8 Improving Synthesis by Rational Design

Using the knowledge on the formation of the poly-L-arginine/magnetite mesocrystals, we strive to
advance the properties of our system by rational design. We now know that the mesocrystal growth
is continuous and mediated via polymer-stabilized precursor iron phases and we know that this
stabilization is inhibited at an elevated concentration of counter-ions. We thus propose that an
infinite crystal growth can be achieved, when the critical salt concentration will not be exceeded.
Thus in order to extend the time until the threshold counter ion concentration is reached we could
i) increase the reaction volume ii) decrease the addition rate of iron solution, iii) decrease the con-
centration of the added iron solution and iv) increase the temperature. However, a decrease of the

iron concentration below a threshold value will inhibit magnetite formation and favor the formation

56



Figure 5.15: a) Overview of magnetite/poly-L-arginine grown for 24 h at altered synthesis conditions.
The HRTEM image of a single particle in b) shows substructured morphology even at a size of ~140 nm.
¢) Electron diffraction along the [111] zone axis of the individual particle indicate single crystallinity. The
intersection of the Ewald sphere with the zero*® (ZOLZ) and first (FOLZ) order Laue zone are visible and
marked by the yellow arrows. Similarly, particles can be grown at pH 10 for 24 h at altered conditions d)
obtaining particles with diameters of up to 50 nm, with a solid, single crytalline (FFT upper left) morphology.

of less dense and more hydrated iron phases.’

Figure 5.15 a) and b) shows TEM micorgraphs of poly-L-arginine/magnetite particles grown for
24 h at pH 11 and pH 10, Figure 5.15 d). We increased the total reactor volume to 60 mL, and
the concentration of the added iron solution decreased to 0.5 mmol. The addition rate of 1 pL/ min
is the lower limit of the dosing unit and was thus kept. An overview of the synthesized particles
shows that a significant particle population with an average diameter above 100 nm for pH 11 and
around 50 nm at pH 10 can be obtained. An HRTEM image of a single particle shows that sub-
structured morphology is retained even at larger sizes. Single crystal electron diffraction along the
mesocrystals [111] zone axis in Figure 5.15 ¢) and FFT’s of a single nanoparticle Figure 5.15 d) top
rights confirms single crystallinity of both mesocrystals and solid, spherical nanoparticles obtained
at pH 10.

The exact physico-chemical conditions at which magnetotactic bacteria produce magnetite nanopar-
ticles are unknown. It is, however, certain that the precipitation pH inside the bacterium is only
slightly alkaline, still, they produce large particles above the stable single domain threshold. Pursu-
ing the initial objective to biomimitically mimic the nanoparticle growth, we synthesize magnetite
nanoparticles at pH 9 using the adapted synthesis protocol. TEM images of the synthesized par-
ticles, shown in Figure 5.16, show individual, spherical particles well beyond the size threshold for

stable single domain magnetite (20 nm).

5.8.0.1 Discussion

Our ability to grow mesocrystals beyond the previously reported size threshold of 40 nm %% further
supports the idea that both meso-and single crystals are formed by the consecutive addition of

non-crystalline precursor iron phases. We anticipate that any particle size could be synthesized if

2unpublished work J. Baumgarnter
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Figure 5.16: TEM image of MSR-1 that uses stable single domain magnetite nanoparticles aligned along a
protein filament for magnetotaxis. Using the adapted synthesis protocol, particles above the size threshold
for stable single domain particles were synthesized at conditions (pH=9) similar to the growth conditions
prevalent inside the bacteria.

the precipitation volume was further increased. However, switching from the cone-shaped reactor
geometry used by the Metrohm to a cylindrical beaker, we were not able to precipitate magnetite,
but yielded goethite, an oxidized polymorph of magnetite.

We assume that either the level of oxygen was too high or that fluid dynamics around the iron
solution inlet plays an important rule on local iron concentration, having a significant impact on

the iron phase formed.

5.9 Molecular Weight Dependence

As mentioned in section Section 4.2.1 any adsorption comes with a gross entropic penalty. [131:132]

Together with an enthalpic contribution, this energy balances the poly-L-arginine/pre-nucleation
cluster interaction and can be expected to crucially depend on the poly-L-arginine’s polymerization
degree. We thus hypothesize that, equally, the ability to stabilize precursor structures, and thus to
interfere in magnetite nucleation, depends crucially on the polymer length. Also, the persistence
length of a polymer is expected to influence the energetic landscape of adsorption equally.[l?’?’}
However, since tuning the chain length of a polymer is more easily accessible then a consistent
change in persistence length, we prepared magnetite mesocrystals at pH 11 in the presence of short
and defined poly-L-arginine with monomer numbers of 2, 4, 8, 16 and 32.

An excerpt of the x-ray reflectometry measurements (D8 diffractometer) showing the 311 reflection
is shown in Figure 5.17. Due to an unknown instrumental peak broadening, we refrain of calculating
particle sizes and pursue in a qualitative discussion of the peak broadening assuming a constant
instrumental peak broadening for all measurements. The full width at half maximum (FWHM) for
all molecular weights were determined using a pseudo Voigt function and are listed for the different
numbers of monomer units in Figure 5.17 a). As reference sample magnetite prepared in the absence

of any additive at identical conditions was used (# mono = 0).
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Figure 5.17: a) Excerpt from azimuthally integrated XRDP measurements of particles prepared in the
presence of poly-L-arginine of with different number n of monomer units. The full width at half maximum
(FWHM) of the 311 reflection was obtained from a pseudo Voigt peak fit. With the increasing number of
monomer units (except for n=8), the FWHM decreases, indicating an increase in particle size. This trend is
also well visible in the TEM images, where additionally the presence of mesocrystals for n<16 is apparent.
SAED measurements, seen in the lower right inset of each TEM micrograph, indicate that Fe;O, is formed
for all n, except for n=8.

With an increasing molecular weight of poly-L-arginine (except for n=8) we find a decrease
in the FWHM of the crystallites and can thus infer an increase in particle size with increasing
molecular weight following an exponential decay as shown in Figure 5.18. Complementary TEM
measurements show representative images of the formed particles. From visual evaluation, we find
that measocrystals are only formed for polymer length longer than n=16 monomers. The SAED
patterns shown in the bottom left inset of each micrograph confirm the existence of an inverse spinel

structure with lattice springs complementary to magnetite.

5.9.0.1 Discussion

From in situ SAXS measurements we have learned that the crucial impact of poly-L-arginine on the
formation of magnetite is the stabilization of transient, metastable iron precursors. Intuitively, the
polymer needs to adsorb to the precursor’s interface for the stabilization to occur. Any adsorption
results in a loss of degrees of freedom of the adsorbate which, in turn, goes in handy with adsorption
opposing loss in entropy. Comparing now the degrees of freedom of n x m monomers and with a
polymer of n monomers dissolved in a unit volume, we find an intrinsic loss of degrees of freedom
for the polymer. In turn, we have thus a smaller entropic penalty for the adsorption of a m, poly-

mer compared to the adsorption of n monomers. Following that thought, we also propose that the
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Figure 5.18: Full width at half maximum of the 311 magnetite reflection plotted as a function of the number
of monomers per oligomer. The decrease of the FWHM with an increasing number of monomers is evidencing
an increase in particle size.

adsorption of x my polymers is less favored compared to the adsorption of a my. polymer. We thus
propose that longer polymers should be more suitable to stabilize the metastable precursors, thus
shifting more and more the formation of magnetite from a classical to a non-classical mechanism,
which increases the growth rate.

These results may have important implications for biomineralization, where many processes are con-
trolled through the stabilization of meta-stable precursor phases from charged bio-macromolecules,
proteins and trans-membrane proteins. How their ability to change conformation and thus loose
degrees of freedom may influence biomineralization processes, has not been debated so far but may

play an important role.

5.10 Conclusion

Using in situ small angle X-ray scattering, we followed the co-precipitation of ferrous and ferric
chloride in the presence of poly-L-arginine. Due to the ultra-low iron concentration in the initial
stages of the synthesis a 3'¢ generation high brilliance synchrotron X-ray source was necessary to
obtain a sufficiently high scattering signal. However, the ultra-low concentration also ensured that
any species involved in the reaction would not correlate in space with any other species so that we
were able to separate their scattering contributions based on an analytical scattering model. Based
on this model, we were able to identify a low-density iron species with a gyration radius of 5 nm
from which the magnetite nanoparticles grow. Further, we were able to extract the radial growth,
the concentration of the nanoparticles, and that of the precursor structures. Kinetic approaches
to determine the growth mechanism failed, as neither reaction or diffusion limited growth, nor a

growth based on Ostwald ripening could be identified as the prevalent mechanism of nanoparticle
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formation.

Referencing the existing theories of biomineralization, charged macromolecules or counterions can
shift nucleation mechanisms from a thermodynamic to a kinetic control, we developed a compre-
hensive mechanism that is able to explain: i) the phase transition from spherical to substructured
mesocrystals, due to a decrease in wettability with increasing pH and a retardation of the second
step step in the addition oxolation reaction; ii) the inversion of the effect of pH on the nanoparticle
growth rate, compared to magnetite formed in absence of additives due to the catalytic effect of
hydroxide ions on the first step of the oxolation reaction and iii) the existence of an ideal polymer
concentration and feeding rate to increase the growth rate of nanoparticles. We have further identi-
fied the kinetic stabilization of the low-density, metastable iron precursors by poly-L-arginine to be

the pivotal step in the fundamental alteration of the co-precipitaion of ferrous and ferric chloride.
Realizing that the nanoparticle growth is continuous and continuing, and only retarded by a thresh-

old counter-ion concentration, we altered the synthesis parameters to obtain single crystal magnetite

mesocrystals with sizes beyond 150 nm.
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Chapter 6

Substituting poly-L-arginine

Summary Using in situ SAXS to study the co-precipitation of ferrous and ferric chloride in
the presence of poly-L-arginine we demonstrated how the formation mechanism is shifted from
thermodynamic to kinetic control. This mechanistic shift enables us to prepare magnetically ad-
vanced, colloidally stable magnetite nanoparticles. Precise knowledge about the mechanism gave
us exceptional control over particle size, size distribution, and particle morphology. Identifying the
electrostatic stabilization of metastable iron precursors particles as the crucial tool, we demonstrate
here, how more sustainable and renewable strong polycations can substitute poly-L-arginine. We
employ HR(TEM) and synchrotron XRPD to determine size and morphology of magnetite nanopar-
ticles prepared at different pH in the presence of such strong polycations and compare the results
to particles prepared in the presence of poly-L-arginine. Time-resolved XRPD studies suggest a
consistent formation mechanism distinct to all charged polycations at the pH of magnetite precipi-
tation. Unraveling that polycations can generically be used to alter the nucleation pathway of the
co-precipitation of ferrous and ferric chloride, we have additionally improved the sustainability of
the synthesis, using cheaper and renewable polymers, that can be produced on a metric ton scale,

to obtain advanced magnetic nanomaterials.



6.1 Introduction

Nanomaterials bridge, due to their size, the transition between atoms and their bulk material coun-
terparts. As a consequence, their properties are neither that of the bulk materials nor that of single
atoms but could be best described as a collective atomistic behavior, constrained by the size of the
particle. Due to this constraint, properties of nanoparticles are thus heavily dependent on their size
and can, in turn, be controlled through the control of the particle dimension and morphology. Clas-
sic examples of this phenomenon are the tunable localized surface plasmon resonance in noble metal
nanoparticles [134-136] or the quantum size effect in semi-conductors 37, Analogously, we learned
that the properties of magnetite change from superparamagnetic to single domain or multidomain

ferrimagnetic with an increase in size.

We have demonstrated how to exert control over magnetite nanoparticle’s morphology and size at
ambient pressure and temperature merely by changing the precipitation pH with the addition of

poly-L-arginine. [138]

We have concluded in chapter Chapter 5 that this control was possible, by
shifting the nucleation of magnetite from a thermodynamically to a kinetically controlled mecha-

nism.

Acknowledging the environmentally friendly conditions of our synthesis protocol, the use of poly-
L-arginine as an additive is, however, somewhat costly. In order to find cheaper alternatives, we
turned our attention to strong polycations. While exploring the ability to reduce the price and
ameliorate the ecological footprint of our synthesis, we concurrently pursue the question, if the
ability of poly-L-arginine to intervene in magnetite nucleation is specific to this polymer or can if

it can be generalized to all polycations.

Therefore we aim to substitute polyarginine by other strong polycations and reproduce the effect
on magnetite’s growth kinetics, the dependence of the size on pH, the morphological transition at

strongly alkaline conditions.

6.2 Strong Polycations

Intending to find alternatives for the rather expensive polymer, poly-L-arginine, we identified the
positive charge of poly-L-arginine as the main factor necessary to be present in any substitute.
With an unusually high pK, that has been reported to be between 12 and 13.81%! for monomeric
arginine, the polymer is completely charged even at the highest precipitation pH of 11. There are
only few other monomers (to our knowledge) that exhibit a similarly high pK,. We thus turn our

attention to strong polycations that are positively charged independently of the pH. A residue that
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Figure 6.1: Structural motive for strong polycations based on quaternary amines a). Following this motive
JR-400 b), quaternized chitosan ¢) and d) Polydiallyldimethylammonium chloride (PDADMAC) where used
to substitute poly-L-arginine in the co-precipitaion of magnetite.

can impart this pH-independent charge is a quaternary amine, shown in Figure 6.1 a). They are
synthetically accessible via the quaternaryzation of ternary amines using Mel at high pH and low
temperatures, following the protocol by Menshutkin. [cite] Based on this reaction JR-400 Figure 6.1
b) and quaternaized chitosan Figure 6.1 c¢) were obtained. In contrast to the post quaternization
of JR-400 and chitosan the monomer diallyldimethylammonium chloride (DADMAC) from which
PDADMAC Figure 6.1 is polymerized, is in itself a strong cation. There are numerous advantages
of these substitutes compared to poly-L-arginine. The low costs for PDADMAC, a regularly used

n[10:141] i approximately a millionth of that of poly-L-arginine, while JR-400 is an in-

polycatio
dustrially produced hair conditioner and thus even cheaper. Chitosan, in turn, is extracted from

crustacean waste and has thus the best ecological footprint of the polymers used in this study.

6.3 Results

6.3.1 Quaternized Chitosan

We here show the effect of these polymers on the final size and morphology of magnetite prepared
in the co-precipitation of ferrous and ferric chloride in an identical fashion to the protocol used for
poly-L-arginine. Using synchrotron-based XRPD, we explore the effect of pH on the final particle

size for pH 9-11.5 in increments of 0.5. We grew particles in the presence of 0.1 mg mL~! polymer
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Figure 6.2: a) Azimuthally integrated XRDP measurements of particles prepared between pH 9 and 11.5
in increments of 0.5 in the presence of 0.1 mgmL~! chitosan. Reflections were indexed according to the
crystallographic structure of magnetite. Additional reflections that cannot be attributed to magnetite orig-
inate from residual NaCl crystals. Particle sizes in b) were calculated from the FWHM of the magnetite
311 reflection. Errorbars were calculated from the mean of triplicates. To elucidate ageing effects, samples
were taken freshly after the synthesis, 7 days and 2 months stored under anoxic conditions. A non-significant
reduction in particle size due to ageing may be present.

Figure 6.3: TEM images of particles prepared at pH 11 in the presence of 0.1 mgmL~! chitosan show
similar chain formation as poly-L-arginine/magnetite and a narrow particle size distribution (scale bar 100
nm). HRTEM images in d) show, consistent with poly-L-arginine/magnetite, a substructured morphology,
and single-crystalline coherent diffraction, evidenced by the FFT spot pattern in 1. Crystalline bridges seem
to be able to connect particles and induce a correlation in the crystallographic orientation (FFTs 2).
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for 2 hours. TEM images were taken from twice magnetically separated and washed aliquots. We
calculated particle sizes from the peak broadening of the 311 magnetite reflection using the Scherrer
equation and obtained particle size distributions from mean sizes of triplicates. Additionally, XRPD
samples were prepared freshly after 2h of synthesis, after seven days and two months of aging under

anoxic conditions in order to study their stability.

Figure 6.2 a) shows azimuthally integrated XRPD data of magnetite prepared in the presence of chi-
tosan and aged for two months. We indexed the reflections according to the inverse spinel structure
of magnetite. Additional reflections that cannot be attributed to the presence of magnetite, origin
from NaCl crystals that are a side product of the co-precipitation of ferrous and ferric chloride in the
aqueous sodium hydroxide. Calculated particle sizes in dependence of pH are shown in Figure 6.2
b). Similarly to poly-L-arginine we find an increase in particle size with increasing pH until 10.5
after which the final particle size is not affected by a further increase in pH. The size distribution
within triplicates is —compared to poly-L-arginine— significantly increased. We attribute this to
difficulties with the synthesis setup prevalent during this experiment. A repetition, however, was
not possible due to the unavailability of the XRPD synchrotron beamline. Figure 6.3 a) to ¢) pro-
vides representative TEM images of particles prepared at pH 9, 10 and 11, respectively. Similar to
poly-L-arginine/magnetite particle morphologies change from a spherical single-crystalline particle,
obtained at pH values below 11, to mesocrystalline, substructured particles at more alkaline condi-
tions. This equally sudden change in morphology hints at a similar mechanism for the formation of

magnetite in the presence of quaternized chitosan compared to poly-L-arginine.

6.3.2 JR-400

Magnetite in the presence of JR-400 —the industrially synthesized hair conditioner— was prepared
according to the protocol described above. Azimuthally integrated XRPD diffractograms in Fig-
ure 6.4 were indexed in agreement with the inverse spinel structure of Fe;O,. Residual reflection
can be attributed to the existence of small sodium chloride crystals. Particle sizes are shown in
dependence of precipitation pH in Figure 6.4 b). Again, size distributions were calculated from the
mean size of triplicates of aliquots taken after the synthesis and seven days or two months after
the synthesis, while the product was stored under anoxic conditions in the fridge. For most pH
values (except for 11) no significant effect of aging time on the particle size can be detected. We can
identify a slight increase in average particle size with pH, consistent -but not as significant- with
particles prepared in the presence of poly-L-arginine. This increase is only visible in the pH range
between 9 and 10.5. For pH 11 we find particles that significantly decrease in size over 2 months
and thus are not stable against aging. Particles prepared at ph 11.5 show high standard deviations
in mean particle size. It thus seems that the synthesis of magnetite in the presence of JR-400 only

yields stable particles in a reproducible synthesis below a pH of 10.5.
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Figure 6.4: a) Azimuthally integrated XRPD patterns of magnetite prepared in the presence of 0.1 mg mL~!
JR-400 at various pH values. Diffraction peaks were integrated according to an inverse spinel magnetite
structure. Additional reflections originate from NaCl, a side product of Fe;0, synthesis. Particle sizes b)
were calculated from the 311 magnetite reflection from samples that were taken freshly after the synthesis, 7
days and 2 months after the synthesis. Particle size slightly increase with increasing pH. The effect, however,
is not as apparent as in poly-L-arginine/magnetite. Particle sizes remain stable over a course of 2 months.

Figure 6.5: Representative low magnification (scale bar 100 nm) TEM micrographs a) to ¢) of magnetite
prepared in the presence of 1 mgmL~! JR 400 at pH 9, 10 and 11, respectively. HRTEM image (scale bar
5 nm) of particles prepared at pH 11 show a similar substructured morphology as does magnetite prepared
in the presence of poly-L-arginine. Single crystallinity throughout the particle is conserved and apparent in
the FFT spot pattern (bottom right).
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Figure 6.6: a) Azimuthally integrated XRDP measurements of particles prepared in the presence of
0.1 mgmL~! PDADMAC at different pH values ranging from 9 to 11.5 in increamemnts of 0.5. Reflec-
tions were indexed according to the crystal structure of magnetite. Particle sizes calculated from the FWHM
of the 311 magnetite reflection are shown in b). Particle size distributions were calculated from the mean
size of triplicates for samples taken freshly after the synthesis and for samples aged for 7 days and 2 months.
Again, non-significant particle size reductions maybe present in the course of 2 months. The particle size
follows the pH in a non-monotonic fashion, in contrast to poly-L-arginine/magnetite nanoparticles.

Representative TEM images of particles prepared at pH 9, 10 and 11 are shown in Figure 6.5 a) to
¢) and reveal —similar to poly-L-arginine/magnetite— a morphological change between pH 10 and 11
from spherical single crystals to substructured mesocrystals. However, similar to chitosan, particles
seem to be more strongly substructured revealing larger gaps and a less defined spherical shape.
HRTEM images of a particle synthesized at pH 11 in Figure 6.5 d) highlight the rugged morphol-
ogy. Still, the FFT in the bottom right corner of d) indicates that the crystallographic order is not

hampered by the increase in nanoscopic disorder.

6.3.3 PDADMAC

The last polycation tested is PDADMAC. In line with chitosan and JR-400 we measured XRPD -
indexed in agreement with the magnetite structure- from which mean particle sizes were determined,
both shown in Figure 6.6 a) and b). Size distributions —calculated from the mean size of triplicates—
have increased, as compared to polyarginine. Again, this trend is prevalent for all polycations
tested. In contrast to magnetite precipitated in the presence of polyarginine mean particle sizes are
not consistently increasing with pH. It is visible in Figure 6.6 b) that at pH 9 already comparably
large particles of 20 nm are found that decrease to 14 nm when precipitated at pH 10. Between
pH 10 and 11.5 the previously reported proportionality of particle size with pH is recognizable and

mean sizes increase when the precipitation pH is increased. This non-monotonic pH dependence
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Figure 6.7: Representative TEM micrographs taken from samples prepared at pH 9, 10 and 11 a)-c) in
the presence of PDADMAC showing a narrow particle size distribution (scale bar 100 nm). HRTEM image
(scale bar 5 nm) of a selected particle show no mesocrystalline, substructured morphology, as compared
to poly-L-arginine/magnetite. While most of the particles are solid single-crystals, twinning can occur as
indicated by the arrows in FFT 1.

is confirmed visually in TEM for particles prepared at pH 9, 10 and 11 in Figure 6.7 a) to c).
Similar to other polycations tested, TEM micrographs of particle prepared at pH 9 and 10 show
spherical, single crystalline morphology of magnetite nanoparticles. Remarkably, we do not find
substructured, mesocrystalline particles in the co-precipitation of ferrous and ferric chloride at pH
11 in the presence of PDADMAC. Similar to pH 9 and 10 particles are primarily single crystals with
a spherical shape. Only few particles are visible, that exhibit a substructure. A HRTEM image of
a substrcutured particle is shown in Figure 6.7 d). FFTs of the single crystalline looking particle
suggest that twinning has occurred within the particle, indicated by the two arrows emphasizing

the splitting of diffraction spots. The twin boundary is indicated by the dotted line in Figure 6.7.

6.3.4 Growth in the Presence of Polycations

In section 5.4.1 we have extensively studied the formation mechanism of magnetite precipitation
in the presence of poly-L-arginine using in situ SAXS, describing the obtained time-dependent
parameters with appropriate kinetic growth models. Not having the possibility of regularly accessing
a 3" generation synchrotron SAXS beamline, we turned to study the mean size of magnetite
precipitated in the presence PDADMAC, JR-400 and chitosan at different pH on dried samples
using synchrotron XRPD. Mean particle sizes in dependence of time for different precipitation
pH are plotted in Figure 6.8. To compare the growth obtained from XRPD with in situ SAXS
measurements, a power law of 2.6 consistent with the growth exponent of n=2.6 obtained from the
kinetic analysis of the SAXS, is plotted as a reference in each plot. Precipitation of magnetite in
the presence of PDADMAC at ph 9 and 10, of chitosan at pH 10 and of JR-400 at pH 9 can be
considered to comply with the growth exponent. However, chitosan prepared at pH 9 and 11 shows
an unexpected decrease in particle size with time. An irrevocable proportionality of the growth rate
with pH, as it has been established for polyarginine, however, could not be confirmed. Eager to
apply the ability to grow large mesocrytals to PDADMAC, JR-400 and chitosan, we followed the
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Figure 6.8: XRPD measurements to obtain particle growth for different pH as indicated in the plots for
a) PDADMAC, b) chitosan and ¢) JR-400. The solid line indicates the growth exponent obtained from the
kinetic analysis of the in situ SAXS data, fitting acceptably well to most of the datasets. This suggests
that the mechanistic distortion of magnetite nucleation can be universally attributed to the presence of a
polycation.

protocol established in paragraph Section 5.8. In short, we co-precipitated ferrous and ferric chloride
at molar ratio of 1:2 and a total concentration of 0.5 M at pH of 11 in the presence of 0.1 mgmL~"
of the respective polycation for 24 h. For the investigation in TEM we magnetically precipitated
the aliquots for 1 min and cleaned all samples twice using Milli-Q water. HRTEM images with
single crystal electron diffractograms in the bottom right inset are shown in Figure 6.9. As for
polyarginine we were able to produce substructured, individual magnetite nanoparticles with sizes
of up to 150 nm with by the addition of chitosan or JR-400. In the presence of PDADMAC, however,
we yield large, single crystals, that do not exhibit substructuring, but seem to form octahedrally
shaped magnetite nanoparticles with a size of around 80 nm. Overview TEM images, Figure 3, are

added in the Appendix.

Figure 6.9: TEM images of particles prepared in the presence of 0.1 mgmL~! a) chitosan, b) JR-400 and
¢) PDADMAC for 24 h using the adapted synthesis protocol. Electron diffractograms of single particles
are shown in the bottom left inset and indicate single crystallinity for b) and ¢). While in the presence
of chitosan and JR-400 substructured particles are formed, we obtain octahedral shaped particles in the
presence of PDADMAC. Scale bar 20 nm.
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6.3.5 Magnetic Properties

For particles prepared at pH 11 in the presence of 0.1 mgmL~' PDADMAC, JR-400 or chitosan,
we measured the magnetization as a response to an externally applied magnetic field on bulk
samples after 2 h of synthesis, complementary to previous measurements for polyarginine shown in
paragraph Section 4.2.2. As for poly-L-arginine, the aliquot size was too small to normalize the
maximum magnetization by the sample mass. For better comparability of the measured curves,
the magnetization as a function of the applied magnetic field is normalized by the magnetization
of particles at the maximum field applied. Particles prepared with JR-400 exhibit a very weak
magnetization and no saturation at the maximum field of 1 T indicative of either the existence of
hematite or the presence of particles with a sub 3 nm size that do not magnetically saturate. The
chitosan and PDADMAC sample are both saturated at high fields. The chitosan sample shows
a wasp-waisted loop suggesting the presence of a broader particle size distribution around 22 nm
of SP and SSD particles leading to an opening of the hysteresis loop at higher fields induced by
the larger particles. [94] Magnetite prepared in the presence of PDADMAC at pH 11 shows an open
hysteresis loop indicating that the particles have grown beyond the SSD particle size threshold.
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Figure 6.10: Magnetic measurement of immobilized magnetite nanoparticles prepared in the presence of
0.1 mgmL~* PDADMAC, JR-400 or chitosan. From the opening of the hysteresis loop for particles prepared
in the presence of PDADMAC and chitosan the presence of SSD particles is suggested. Chitosan, however,
exhibits a wasp-waisted hysteresis loop, indicative of a particle size distribution around 22 nm.

6.3.6 Discussion

This chapter aimed to elucidate the possibility to substitute poly-L-arginine with other strong poly-
cations and investigate their influence on the co-precipitation of ferrous and ferric chloride under
alkaline conditions. We have shown in the previous chapters, that the addition of poly-L-arginine

has a pivotal impact on the formation of magnetite, manifesting itself in the reversal of the depen-
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dence of the growth rate on pH (Section 5.4.1) and the induction of a transition from a spherical to
a substructured morphology (Section 4.2.1). However, we want to foreclose that deviations from the
behavior of polyarginine can have a multitude of reasons. We want to especially stress here, that
quaternized chitosan and JR-400 are polymers that have not been synthesized under ideal labora-
tory conditions but extracted from natural sources (chitosan) or synthesized industrially (JR-400)
on a metric ton scale.

We can confirm a morphological transition from spherical to substructured magnetite nanoparticles
when JR-400 or chitosan is added to the synthesis. Surprisingly, PDADMAC does not induce such
a transition, even though particle sizes are comparable with sizes obtained for all other polycations.
Also for particles grown for 24 h at pH 11, we do not observe a substructured morphology for
PDADMAC, again in contrast to samples prepared in the presence of chitosan or JR-400. Lacking
characterization of the polycations we can here only speculate about this discrepancy. We have
argued in chapter INSERT that a considerable entropic contribution to the free energy of particle
formation may govern the formation of magnetite nanoparticles formation. Thus, on the one hand,
the release of hydration water upon crystallization will drive this synthesis, but on the other hand,
the release of the polymer will add to the net entropy of the system. We thus suggest, that the poly-
cation charge density, as well as the persistence length, will have an impact on the energy landscape
of the synthesis. In the case of PDADMAC we expect a higher charge density, and thus the release
of the polymer may be retarded. This retardation may give the precursor particles more time to
cover the surface of the nanoparticles so that we observe no substructuring. For all polycations
tested, the size distribution from triplicates, and thus the reproducibility seems to have decreased
compared to magnetite formed in the presence of polyarginine. Size distribution measured using
TEM from triplicates, shown in the Appendix Figure 2, demonstrate —in contrast to the results
from XRPD- that the synthesis of magnetite in the presence of PDADMAC is highly reproducible.
This result suggests that this may also be the case for the other polycations. Due to a miss-function
of the p-spot beamline a replication of the XRPD measurements to reexamine reproducibility of
the synthesis, was not possible.

The inversion of the dependence of the growth rate on pH is, a strong indication for the interference
of poly-L-arginine in the mechanism of magnetite nucleation. We could show that this trend is
also prevalent for JR-400 as well as for chitosan. The non-monotonic behavior of the final size
with pH for PDADMAC, however, was surprising. Further, no substructured mesocrystals were
formed at pH 11 when PDADMAC was present. Based on the current knowledge of the formation
of magnetite in the presence of polycations, we are not able to fully explain this behavior. In order
to induce this non-monotonic behavior, we predict an interaction of the polymer with the existing

iron phases, that does not change monotonically with pH.
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6.4 Conclusion

Using the strong polycations PDADMAC, quaternized chitosan and JR-400 as a substitute for
poly-L-arginine we were able to reproduce a majority of the effects that poly-L-arginine has on
co-precipitation of magnetite, including i) the effect of pH on the morphological transition between
spherical, solid particles, to substructured mesocrystals, ii) the inversion of the growth rate and
thus the final size of magnetite with respect to the precipitation pH, iii) the ability to grow large
single crystals at extended precipitation time and iv) the growth exponent of 2.6 obtained from
time dependent XRPD measurements. In showing how to substitute poly-L-arginine, we have not
only established a strong mechanistic correlation for strong polycations and polycations with a high
isoelectric point, but have simultaneously developed a protocol how to produce advanced, functional
magnetic materials [138] using cheaper, renewable and more sustainable polymers that, even when
produced at a metric ton scale, can still be employed in our system. Due to the decrease in cost of
the precursors and the high availability of the used polymers, we envision that up-scaling may now
be more economical and could thus be the focus of future research.

While the slight deviation from the reported mechanism (section 5) for PDADMAC may give new
insights into the formation mechanism, we find that the strong correlation of properties obtained for
JR-400, chitosan and PDADMAC compared to polyarginine, strongly suggests that the interference
of poly-L-arginine with the nucleation mechanism of magnetite is non-specific to polyarginine but

rather a generic phenomenon distinct to strong polycations.
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Chapter 7

General Conclusion and Outlook

While the influence of polyanions on the nucleation of magnetite in biological and synthetic sys-
tems has been thoroughly studied, the influence of polycations has not. We demonstrate in this
thesis, however, how the presence of polycations in the co-precipitation of ferrous and ferric chlo-
ride can pivotally influence the energy landscape of crystal nucleation. Exploring the effects of
poly-L-arginine, of cationic polysaccharides, and of PDADMAC, we were able to produce highly
advanced magnetite nanoparticles in a sustainable process at ambient pressure and temperatures
in an aqueous environment using renewable polymer sources. Exploring the effect of pH, we were
able to change the morphology of the synthesized magnetite from solid spherical nanoparticles at
a pH below 11 to sub-structured mesocrystals at a pH of above 11. Depending on growth times,
we were able to obtain solid nanoparticles with diameters of between 10 and 50 nm, while the sub-
structured mesocrystal size could be tuned to between 40 and 180 nm. All particles show narrow
size distributions and are colloidally stable for an extended time period. While exploring the syn-
thetic capabilities, we realized that the addition of polycations alters the nucleation mechanism of
magnetite, exceeding the previously proposed capabilities of electrostatically aggregating small mag-
netite crystallites. A distinguishing feature of this alteration is the inversion of the pH-dependent
growth rate of the nanoparticles and the morphological transition between spherical crystals and
mesocrystals, both of which appear to conflict with classical notions of nucleation theory. Striving
to elucidate this novel mechanism, we employed high-brilliance synchrotron SAXS to temporally
resolve the nucleation of magnetite in the presence of poly-L-arginine in situ. We identified that
the crucial step in the modification of magnetite nucleation was achieving electrostatic stabilization
of 5 nm, low-density iron precursor particles through poly-L-arginine. Because of the existence
of the precursor particles and the relatively low activation energy measured, we concluded that
polycations shift the nucleation of magnetite from a thermodynamically controlled scenario to a
kinetically controlled one. Considering the shift to kinetic control enabled us to explain the inver-

sion of the pH-dependent growth rate, which is now governed by the alkaline catalyzed oxolation
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reaction. Based on theoretic considerations, our explanation for the pH-dependent morphological
transition is contingent on the surface charge-dependent wetting behavior of the precursor parti-
cles at the nanoparticle surface. At low pH levels, we find small contact angles and thus strong
wetting, leading to spherical crystals; while at high pH levels, wetting is energetically less favored,
leading to larger contact angles and thus the formation of sub-structured nanoparticles. While
poly-L-arginine /magnetite particles were developed using a biomimetic approach emulating mag-
netotactic bacteria’s proteome, the stabilization of low-density, non-crystalline precursor particles
by charged macro-molecules exhibits an obvious analogy to biomineralization. Numerous reports
have suggested that the extraordinary single-crystal morphologies prevalent in nature are achieved
precisely because organisms use metastable precursor phases that crystallize in a homoepitaxial
manner. In conclusion, we have thus not only developed a system that is able to yield highly
advanced magnetic nanoparticles, but by elucidating the formation mechanism, have also found a
way to use kinetically controlled nanoparticle nucleation to form extraordinary crystal shapes in a
process analogous to biomineralization. Our in vitro studies, in turn, may even help us to further

research biomineralization processes in parameterized ex vivo studies.

In future experiments, we will strive to confirm and extend the formation mechanism presented
in this work. Using XRPD to study the formation rate of magnetite in the presence and absence
of poly-L-arginine at different temperatures, we will obtain activation energies for our predicted
kinetically or thermodynamically controlled nucleation processes. We foresee a significant lowering
of the activation energies for the nucleation of magnetite performed in the presence of poly-L-
arginine or any other strong polycation. Further, we have presumed that the low-density iron
precursor structure is a ferric (oxyhydr)oxide, which would render it metastable when compared to
magnetite. Using cryo-XANES (X-ray absorption near edge structure) in combination with EXAFS
(extended X-ray absorption fine structure), we will not only obtain information on the chemical
environment of iron, from which its phase can be inferred, but also atomic radial distribution
functions, from which coordination shells can be calculated. Fitting, for example, Fe-Fe distances,
we will be able to obtain the ratio of corner- and edge-connected iron octahedrons, from which the
dynamics within a precursor particle may be inferred. This dynamics, in turn, will have important
ramifications for the proposed wetting process, which we have identified as inducing the transition
from spherical to sub-structured magnetite nanoparticles. Preliminary measurements performed by
Daniel Chevrier at the Advanced Photon Source show a shift of the white line to higher energies
for particles present in the early stages of the synthesis compared to a reference magnetite sample.
This shift is indicative of a higher oxidation state of the precursor particles and thus suggests
the existence of ferric (oxy)hydroxide, affirming our assumption that polyR stabilizes metastable
iron phases. The cryo-XANES data of the synthesis product that vitrified after 5 and 15 minutes

following iron addition are attached in the Appendix as Figure 4.

We have demonstrated that the modification of the mechanism of magnetite nucleation can be
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generalized to electrostatic interaction of any strong polycation with metastable iron precursor
phases. It seems intuitive to wonder whether this phenomenon is an even more generic one that
can be applied to any oxide-forming nanoparticles. Knowing about this application would be of

particular interest, as among these

oxides we find economically highly relevant semiconductors such as TiO2, ZrO, or ZnO. For these
semiconductors, size and morphology play a pivotal role in determining the width of the gap between
valence and conduction band. Thus, a fine tuning of electronic properties is possible, essential for

exploiting their light-harvesting abilities or their catalytic activity.

We are intrigued by the beauty of the huge mesocrystals, that remain, despite their large dimensions,
as single crystals. We think that this single crystallinity, in combination with the physically present
gaps, may have a significant effect on the energy attributed to the formation of domain walls. While
bulk measurements average the magnetic properties from the whole sample, it would be beneficial
to obtain magnetic information (hysteresis curves, induction maps) from single particles. Advanced
analytical tools offer the ability to combine magnetic measurements with spatial resolution. Among
these tools are off-axis electron holography and X-ray magnetic circular dichroism (XMCD) in com-
bination with a photoemission electron microscope (PEEM) or electron magnetic circular dichroism
(EMCD).

We further postulate that the growth of magnetite in the presence of polyR can be sustained
indefinitely until a critical counter-ion (with chloride showing the strongest retardation effect) con-
centration is reached. We should thus be able to obtain discrete magnetite nanoparticles as single
crystals as well as in their mesocrystalline phase at any desired size if the reaction volume is in-
creased. As co-precipitation so far fails to produce magnetite in reactors of modified geometry, more
investigation must be done on the involved fluid dynamics, which may conclusively determine the

success of the synthesis.
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Figure 1: Calculated number density for particles prepared at different feeding rates of iron solution. From
the fits (dashed lines) we calculated nucleation rate as the time derivative of the particles concentration.
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Figure 2: Magnetite nanoparticles synthesized in the presence of PDADMAC at pH 11. TEM images

a) to ¢) are taken from triplicates. Calculated size distributions, d), of at least 200 particles show good

reproducibility of the synthesis, in contrast to the XRD results obtained from particles prepared under same

conditions. This suggests, that the problems with reproducibility seen in Figure 6.6 can be attributed to

problems with the experimental setup, rather then intrinsic problems using alternative polymers. Further

this may suggest, that equally Chitosan and JR-400 results suffered from similar problems with the setup.
left
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Figure 3: TEM micrograph of magnetite grown in the presence of 0.1 mgmL~! a) JR-400, b) chitosan and
¢) PDADMAC for 24 h using the adapted synthesis protocol. Scale bar 100 nm.
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Preliminary cryo-XANES measurements
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Figure 4: Preliminary cryo-XANES measurements of magnetite co—precipitated in the presence of polyR.
Samples were taken 5 min and 15 min into the synthesis. The reference spectrum of magnetite shows a shift
in the white line of samples prepared in the presence of polyR indicating a higher oxidation state of the early
particles. We thus feel affirmed, that the upcoming cryo-XANES beamtime will unravel the low—density
precursor iron phase to be a metastable iron(oxy)hydroxide.
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Figure 5: Evolution of gyration radius of precursor particles obtained from analysis in situ SAXS data of
particles prepared at 15°C. The overall growth rate of NP and precursors seems to be slowed down, so that
scattering of precursors is only later dominated by scattering from NP so that their growth can be temporally
and structurally resolved.
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Figure 6: a) Schematic of the setup of the co—precipitation reaction. For the in situ SAXS measurments
the setup was brought to the ESRF ID02 beamline c¢) and d). b) Sample were automatically taken from
the synthesis using a step-motor peristaltic pump with a stopped flow configuration. The flow inside the
capillary was made turbulent using a flow breaker to ensure exchange of liquid. As the detectors at ID02 are
placed inside a vacuum tube e) we were able to measure at 3 sample to detector distances.
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Figure 7: Forward scattering of precursor particles divided by volume fraction of nanoparticles



Fits SAXS data

Table 1: Sample IDs of all synthesis measured during ID02 beamtime MA37

ID Mw c(polyR) pH SDD Temperature Iron Feeding
[kDa] [mg/mL] [m] [°C] [mgmL~"]
1 15-70 0.3 11 1 25 3
19 15-70 0.3 11 1 25 3
2 15-70 0.3 11 6 25 3
3 15-70 0.3 11 30 25 3
5 5-15 0.15 10 6 25 3
6 5-15 0.3 12 6 25 3
7 5-15 0.3 9 6 25 3
8 5-15 0.3 10.75 6 25 3
9 5-15 0.15 11 6 25 3
11 70 0.3 0.3 11 25 3
12 5-15 0.3 10 1 25 3
129 5-15 0.3 10 6 25 3
13 29 0.3 11 6 25 3
14 5-15 0.3 12 6 25 3
15 5-15 0.6 10 6 25 3
16 15-70 0.3 11 6 15 3
17 15-70 0.3 11 6 45 3
19 15-70 0.075 11 6 25 3
20 15-70 0.6 11 6 25 3
21 15-70 0.15 11 6 25 3
22 15-70 0.1 11 6 25 1
23 15-70 0.6 11 6 25 6
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Figure 10: Fits for left sample ID: 9 right sample ID: 11
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