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General Introduction

General
General Introduction
Iron oxides and hydroxides are abundant not only in the earth crust, but in sea water and the
atmosphere as well. Therefore they play an important role in many different fields such as
geology, biology, medicine and industry (Figure 1).[1] This abundance makes an understanding of
the iron (oxyhydr)oxide system crucial as they appear in both biological and geological systems.
On the other hand, acid mine drainage from coal and copper mines are a great danger for water
reservoirs as they contain high amounts of heavy metals.[2-3] These waste waters can be treated
by raising the pH value causing metal oxides to precipitate.[2,

4]

The forming iron oxides

incorporate and adsorb a number of heavy metals, removing them from solution.[3, 5] Moreover,
iron oxides act as active players in organisms and biological processes, even in the human body.[3,
6-15]

Iron (oxyhydr)oxides are also produced in biomineralization processes where bacterial cells

precipitate a variety of iron minerals. Here, the organisms control the structure of the forming
solid using different strategies.[1, 6, 8-10, 16] For instance: the magnetic properties of magnetite are
exploited for orientation in the magnetic field of the earth by magnetotactic bacteria.[6, 17-18]
Mollusks such as chitons and limpets use the outstanding mechanical properties of iron oxides by
incorporation in their teeth
which results in a remarkable
hardness.[6,

19-20]

In addition

to the natural occurrence,
iron

oxides

have

been

studied intensively and used
in various ways for many
applications. Facile reactions
starting

from

non-toxic,

abundant, low-cost educts
lead to a broad variety of
mineral phases.[21-23] These
materials

differ

in

their

structure and therefore in

Figure 1 | Global abundance of iron oxides and their occurrence in our daily lives. Taken
from[1]
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their crystallinity, morphology, porosity and their electric, optical and magnetic properties.[1, 21-22,
24]

Due to this versatility, the synthesized materials are used in many fields for numerous

applications. For instance, iron oxides are used in medical applications as drug delivery vehicles,
contrast agents in magnetic resonance imaging and in cancer therapy.[21, 25] Moreover, they are
used in industrial processes as waste water treatment or ion exchange agents, where their good
adsorption qualities are utilized[3, 5] but also for their brilliant colors as pigments[1, 4] and as
catalysts.[26-27] Iron oxides are encountered as parts of everyday and high performance
technologies in magnetic storage and recording units as well as high performance seals.[21, 28] As
a consequence of their abundance, the easily achievable versatility and their useful properties,
the chemistry of iron oxides and hydroxides and precursors is of great interest [6, 15, 22, 29-34] and
has consequently been — and still is — subject to intense research activities. An understanding
of the chemical reactions underlying iron oxide formation as well as of the physical-chemical
principles describing their precipitation is crucial for controlled syntheses and material design.
Understanding the molecular mechanisms and the underlying physical-chemical models by which
solid iron oxide phases form from a solution containing iron ions is crucial and displays a core
issue for many tasks in iron chemistry.[34] In particular, this is true when it comes to the
examination of the syntheses of nanoparticles[35] or the means to control the structure of the final
solid product.[30] In spite of a vast amount of literature on iron chemistry[15,

22, 29-31]

our

understanding of the precipitation pathway of iron oxides is still rather incomplete, both from a
chemical and a physical chemical point of view. Regarding its chemistry, this is mainly due to the
fact that the examination and analyses of iron solutions turns out to be particularly complex. This
is especially true for the early occurring species in iron (oxyhydr)oxide systems.[31] On the other
hand, from a physical-chemical perspective, a straightforward interpretation of the basic
processes within existing frameworks of nucleation theory appears challenging.[34] In Chapter 2,
prior studies on iron oxide nucleation and precipitation, their findings and shortcomings are
described.
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State of the Art

2.1 Classical Nucleation Theory
There are several physical-chemical models that can be employed to quantitatively describe
nucleation and growth processes, and therefore the formation of a solid phase from ions in
solution. The most commonly used framework is the so-called Classical Nucleation Theory
(CNT).[36-40] This theoretical model describes the formation of nuclei in a supersaturated solution
as a statistical process based on the stochastic collision of the chemical constituents of a given
system (atoms, ions, or molecules). The thermodynamics of the nascent nuclei are described with
the following equation:[41]
∆

∆

4

(1)

ΔG is the free enthalpy for the formation of a nucleus, r is its radius, ΔGV its volume free energy
and γ its interfacial tension (assumed to be equal with the macroscopic quantity, see below).
Equation (1) describes the dependence of ΔG on the nucleus’ radius. It demonstrates that the free
enthalpy ΔG associated with the formation of a nucleus consists of two contributions, one being
the favorable bulk energy and one the unfavorable surface energy. As can be seen, the surface
energy is proportional to the square
of the radius r2 of the nuclei, while
the bulk energy that stabilizes the
nuclei in supersaturated conditions
is proportional to r3. This results in
an all-over dependency of ΔG on the
radius as shown in Figure 2.
Generally, a reaction will always
proceed spontaneously towards
more negative ΔG. For dG/dr = 0,

Figure 2| Particle energies within the CNT. Development of bulk (green),
interfacial (red) and combined bulk and interfacial (blue) energies with
increasing particle radius. The critical radius is marked with rcrit. Taken from[40]
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the reaction is in an equilibrium state. This is given in the case of minima as well as in the case of
maxima of ΔG(r). While a single-phase system residing in a minimum (d2G/dr2 > 0) can be
considered stable, it is in a metastable state of equilibrium at a maximum (d2G/dr2 < 0). This is
due to the fact that already minute changes will push the system to either side of the maximum.
The maximum in ∆G (Figure 2) represents the so-called critical nucleus of radius rcrit, the formation
of which is associated with ∆Gex. For nuclei sizes smaller than the critical radius rcrit, at which the
bulk energy outweighs the surface energy, the first derivative of ΔG is positive and thus the nuclei
dissolve as they are thermodynamically unstable. A nucleus that has exactly the critical size rcrit,
at which the first derivative of ΔG equals zero and the second derivative is negative (maximum in
ΔG(r); ΔGex), is in a state of metastable equilibrium (Figure 2).[40] For any larger sizes than rcrit,
dG/dr is positive and thus the particles grow without limit. The corresponding equilibrium
constant K for the formation of critical nuclei is:[42]
∆

= −

ln

(2)

where R is the gas constant and T the temperature. The fact that ΔGex > 0 means that 0 < K < 1,
that is, critical nuclei with radius rcrit are very rare, and essentially comprise an insignificant
population for typical values of ∆Gex.[43]
CNT and all the conclusions drawn thereof are based on the capillary assumption. It states that a
particle of a material of any size will behave as and possess the same properties as the
macroscopic bulk material.[40] ΔGV for instance, that is used in equation (1) for determination of
the bulk energy contribution of the nucleation event describes the difference in free energies
between a particle of an infinite radius and the respective solute.[41] It is obvious that this is an
oversimplifying assumption in respect to very small particles in the nanometer range. While for
these small sizes, the bulk structure only extends over a few dozen atoms at maximum, the bigger
part of small structures consists of accessible, highly reactive surface atoms. It is known that
material properties in nanomaterials such as absorbance, fluorescence, solubility, magnetism or
catalytic activity differ significantly from those of the bulk material.[44-49] As a consequence,
predictions for the development of surface and bulk energies for these small sizes that are based
on the capillary assumption (such as ΔGV) have to be questioned as well. The fact that the
4
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predictions from CNT deviate often by several orders of magnitude from the experimentally
observed values underlines these concerns.[50-52] Corrections for the size dependency of the
respective energies can be applied,[53-55] but for sizes that lie in the range of the typical critical
radii or even below, correct values are inaccessible.[40, 56-57]

5
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2.2 Pre-Nucleation Cluster Pathway
As a consequence of these shortcomings, the CNT has been challenged by the introduction of
new models in the last years.[40] Arising from the observation of highly populated,
thermodynamically stable clusters in different mineral systems, the Pre-Nucleation Cluster (PNC)
pathway has been established (Figure 23).[40, 58-62]
A system that is known to follow the PNC pathway and that is also well described and understood
in terms of nucleation, is CaCO3. In this system clusters can form already at low concentrations in
the undersaturated, subcritical regime.[61] The high number of these species reveals that K of their
formation is >>1 and thus, according to equation (2), ΔG is negative. As described in the previous
section, the subcritical nuclei that would be expected in these regimes and for which the first
derivative of ΔG is positive according to the CNT, would not be able to emerge in significant
numbers due to their tendency to dissolve, e.g. their thermodynamic instability.[40] The prenucleation clusters can be conceived as polymeric species. Due to their highly dynamic character,
these clusters are constantly de- and reforming.[61] They were suggested to be solutes: not
exhibiting an interface between them and the surrounding solvent, i.e. possessing similar
dynamics as the surrounding mother liquid. Prior to the phase separation event the clusters
dynamics are reduced significantly and an interface is developed, triggering aggregation. The
driving force for this process is
the reduction of the surface
area that developed between
the clusters and the solution
as a consequence from the
decreased cluster dynamics.
The aggregated clusters form
an amorphous intermediate
phase (Figure 23).[61] In the
calcium carbonate system,
Figure 2| Schematic illustration of the formation of crystalline particles via PNC.
Explanation in the text. Taken from[61]
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the precipitating crystals can be detected.[63-64] To be classified a PNC and to be located within
the notions of the PNC pathway, a cluster has to fulfill several attributes. Besides the
aforementioned lack of an interface and their specification as solutes, their dynamics have to be
on time scales comparable to molecular arrangement in solution. While pre-nucleation clusters
consist of the ions forming the solid phase, the inclusion of additional components is possible.
Structural motifs of the final product can sometimes be found but their presence is not required
for classification as pre-nucleation cluster.[40] Based on a literature review, the PNC pathway has
been suggested as a possible mechanism for the formation of iron (oxyhydr)oxides.[40]
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2.3 Hydrolysis Reactions of Iron(III) Salts
The examination of nucleation and growth in the precipitation process of iron oxides is very
challenging. Chemically, the complexity of the system derives from numerous factors. A partly
hydrolyzed iron ion solution consists of a mixture of small species that are precursors on various
stages of the formation pathway to the solid phases.[29-31, 34, 65-69] The hydrolysis reaction is rapid
and highly dependent on many factors such as pH, iron ion concentrations, counter ions and
temperature. It is therefore also dependent on gradients in the reaction solution.[1, 22] Due to this
complexity, the provision of strictly controlled reaction conditions is necessary. Identification of
the early species is highly challenging as their isolation is very likely to alter their structure and
properties due to drying and ageing of the products. Thus, to obtain precise information on the
system the implementation of in situ techniques is essential. With these requirements and
challenges, the examination and identification of the precursor species that are present at the
different stages of the reaction turn out to be highly demanding.
Another fundamental difficulty is quantification and control of the potential involvement of redox
reactions between Fe(II) and Fe(III) species. The oxidation of ferrous ions occurs at standard
conditions in the presence of oxygen.[22, 30, 70] Hydrolysis of mixed-valent solutions can yield
magnetic phases such as magnetite or maghemite.[1, 22, 71] In order to simplify the underlying
chemistry, so as to shed light on the physical chemistry of phase transitions especially, the focus
of this work lies on oxides of the stable redox state of iron in oxygen atmospheres: Fe(III). This
enables us to provide fundamental information on the iron oxide formation in general, avoiding
the difficulties arising from unknown solution compositions due to uncontrolled redox reactions.
It should be noted, however, that the principle chemistry of Fe(II) and Fe(III) is analogous, whereas
due to redox state and size, ferric aquo-complexes are more strongly acidic than the
corresponding ferrous ones. This shifts the presented considerations for Fe(III) to a pH interval of
approximately pH 7-9 for Fe(II).[30, 72]
Hydroxylation of Fe(III) occurs at pH 1 to 5 and the corresponding salts are soluble in very acidic
solutions (pH < 2). An increase in pH — and therefore an increase in hydroxide concentration —
initiates hydrolysis of the iron ions and subsequent growth and aggregation steps, finally leading
to the precipitation of iron (oxyhydr)oxides and iron oxides.[1, 15, 22, 29, 73-74] The variety of solids
8
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accessible by hydrolysis is very broad, even disregarding the mixed valent species on the grounds
stated above. While hydrolysis of ferric salts typically leads to the poorly crystalline phases
ferrihydrite or goethite (α-FeOOH), the presence of chloride or fluoride ions direct the reaction
to yield akaganéite (β-FeOOH) which is a crystalline iron (oxyhydr)oxide with a tunnel-like
structure that variable amounts of chloride or fluoride are incorporated into.[15, 22, 29-31, 74-77]
Hydrolysis of aqueous iron(III) perchlorate in contrast, yields a mixture of goethite and
lepidocrocite (γ-FeOOH) neither of which contain spectator ions.[22,

78-79]

Hematite (α-Fe2O3)

crystals can be obtained by increasing the temperature during the hydrolysis reaction (Figure
4).[15, 22, 80-84] This illustrates how various parameters such as temperature, pH or the presence of
spectator ions direct and control the outcome of syntheses in terms of polymorphism,
crystallinity, phase stoichiometry, particle size or morphology.[22, 24, 30] In fact, many aspects of the
different crystal chemistries of iron (oxyhydr)oxides such as the processes of their formation and
their promotion towards the solid phase can be understood from the precursors and
intermediates.[24] As described above, the nucleation and thus the formation of a solid phase
always proceeds via small precursors which grow via ion addition or aggregation. Thus, these early
species are templates and/or
building blocks for the obtained
precipitation

product

and

changes in its speciation induced
by different reaction parameters
can be traced back to changes in
the chemical speciation of the
early species. Thus, a molecular
understanding

of

the

precipitation pathway with the
underlying mechanisms could
enable
strategies

systematic
instead

synthetic
of

time-

consuming and costly trial and
error approaches.

Figure 4 | TEM image of hematite nanoparticles synthesized via hydrolysis of
iron(III) chloride.
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2.4 Suggested Nucleation Pathways for Iron (Oxyhydr)oxides
For iron (oxyhydr)oxides several different phase separation, nucleation and growth models,
including CNT[31, 78, 85-88] and polymeric growth models[29, 31, 73, 89] have been applied. Nevertheless,
a comprehensive classification explaining the seemingly contradictive experimental results has
not been achieved. Furthermore, the identification and allocation of the different species to
stages of these models is still incomplete.[34] The following overview of the chemical processes
during precipitation reveals why this is indeed a challenging task.
The fact that iron oxide precipitation involves the formation of low molecular mass, as well as
polymeric precursors and intermediates has been known at least since the 1960s.[90-92] The basic
early literature was reviewed by Flynn[29] (further references therein), who identified four main
steps of iron oxide formation; (i) formation of low-molecular weight species, (ii) formation of a
cationic polymer from these precursors, (iii) polymer ageing with conversion to oxide phases, and
(iv) precipitation of oxide phases directly from low molecular mass precursors. In the first step
the hydrolysis, e.g. the reaction of iron salts with hydroxide ions leading to iron hydroxo-, oxoand aquo-complexes such as Fe3+, Fe(OH)2+, Fe(OH)2+ or Fe2O4+ takes place. In all these species,
iron(III) is octahedrally coordinated by O2-, OH-, or H2O ligands. There is a longstanding debate on
the actual state of the dimeric complexes in solution.[93] The fact that structural characterization
should not rely upon isolation to avoid drying effects on the structure renders the experimental
work difficult. Most recent in situ studies suggest µ-oxo-[94-95] and bis(µ-hydroxo)-bridged[96-98]
dimers (Figure 3). Upon further addition of base, in the second step, the low molecular mass
species rapidly polymerize. The hydrolyzed complexes from the first step act herein as precursors
for the two polymerization reactions olation and oxolation.[34, 99-100] The olation process is the
reversible linking of iron ions with hydroxide bridges and proceeds via the replacement of two
aquo-ligands.[29-31, 73-74] This is generally a very fast reaction due to the high lability of coordinated
water molecules.[99] The oxolation mechanism results in oxo-bridged polymers and can generally
proceed either through deprotonation of hydroxo-bridges or through the condensation of two
hydroxo-ligands releasing a water molecule. Oxolation is not diffusion-controlled and generally
much slower than the initial olation, because the elimination of the water molecule involves more
than one single step.[100] The composition of the polymer resulting from these reactions was
10
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Figure 3 | Calculated structures of the dihydroxo (a, b) and the µ-oxo (c, d) dimers. ΔG was calculated using the stoichiometric
ratio between the structures. Taken from[94]

examined ex situ by isolation.[92, 95] The change in reaction from olation towards oxolation was
identified by examinations of the reversibility of the reaction at different stages,[73] because the
oxo-bridges exhibit a distinctly covalent character, and stabilize the iron oxide phase via crosslinking of polymers. This and the fact that oxolation is a two-step mechanism slows down the
reverse dissolution reaction with acid and leads to a hardening of the particles, increasing their
density and therefore their sedimentation coefficient.[101] The octahedral Fe-O coordination was
shown to be retained within the polymers, whereas individual iron(III) octahedrons are connected
by vertices and edges. X-ray absorption spectroscopy studies of the isolated polymer were
performed to follow structural changes during polymerization and eventual gel formation,
indicating the presence of distinct local structures in ferric gels, which resemble that of crystalline
iron oxide species.[66, 68, 95, 102] Furthermore, in situ analyses showed that the polymers are present
as small spherical species,[29, 32, 74-75] 1 to 2 nm, sometimes up to 7 nm in diameter, and it has been
repeatedly found that the size of these polymer spheres does not change with increasing degree
of hydrolysis.[92, 103] The individual nanoscopic spheres may form at first linear and then highly
11
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branched aggregates[32, 85, 92, 103104]

(cf. Figure 4) and were

suggested to contain up to
approximately one hundred Fe3+
ions.[29] Viscosity and density
studies determined the spheres
to exhibit a water content of
approximately 7 wt%.[90] While
the

polymers

are

initially

cationic in the third step of iron
oxide formation, ageing and
ripening involves an increase in
the OH-/Fe(III) ratio of the
polymers.

Further

ageing

Figure 4| cryo-TEM image of primary particles occuring during the formation of
ferrihydrate. Taken from[104]

processes, leading to an increase in size and chemical composition, eventually yield the final iron
oxides, whereby the reaction conditions determine which specific product is obtained.[29, 73-74, 92,
105]

Interestingly, there is evidence that while akagenéite or goethite are formed from polymeric

iron (oxyhydr)oxide precursors via the co-condensation of individual polymer chains (that is, via
aggregative processes), the iron oxide lepidocrocite was found to only be formed in the presence
of perchlorate directly from unpolymerized species in a classical manner during early stages of
ageing.[15, 29, 78] Thus, the fourth potential step is the direct precipitation of iron oxide phases from
unpolymerized ferric species, which does not (necessarily) involve steps (ii) and (iii) and can be
classified within the CNT framework.
The principle formation process via small nanoscopic spherical precursors that occurs in the initial
stages of iron(III) oxide precipitation, has been observed for a wide range of phases ranging from
akaganéite over goethite to mixed valent phases such as magnetite.[29, 32, 34, 73-76, 78, 85, 104, 106] It
must be noted that in the majority of studies examining the polymeric structure referred to in the
paragraphs above, isolation of the polymeric intermediates was carried out, which is likely to
produce artefacts or changes in structure due to drying and/or washing. Furthermore, the
12
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applicability of EXAFS (extended X-ray absorption fine structure spectroscopy) as analytical
method to monitor early species and determine their structure and composition is questionable.
It has been shown that for complex, amorphous or polycrystalline compounds, data obtained
solely by EXAFS is insufficient for structural determination.[107] Another severe difficulty is the
accessibility of the early stages owing to the high reactivity of iron(III) salts already at low pH
values (onset of hydrolysis at pH values > pH 2) and iron(III) concentrations. Previous studies on
the stages of the precipitation process were mostly investigating at relatively high concentrations
and rather long aging times. In these contexts, the distinct impact of homogeneous and slow
mixing on the precipitation has been illustrated. Data on the polymeric hydrolysis products are
only reproducible when the addition of base is handled in a reproducible way which can be
rationalized by the presence of distinct pH gradients upon the addition of droplets of base and
mixing.[31] Consequently, a non-equilibrium distribution of species may be obtained upon base
addition which may be kinetically inhibited to re-establish equilibrium. In fact, there have been
claims that upon sufficiently slow mixing, that is, with very small pH-gradients, only the preequilibria will be shifted:
Fe3+ + H2O

FeOH2+ + H+ (log K1 = -3.05)

Fe3+ + 2 H2O
2 Fe3+ + 2 H2O

Fe(OH)2+ + 2 H+ (log K12 = -6.3),
Fe2(OH)24+ + 2 H+ (log K22 = -2.3);[69]

and no significant population of polynuclear species would exist when the pH can be increased
homogeneously.[31] In other words, it has been claimed that the formation of polynuclear
complexes may be conceived of as a result of heterogenous nucleation at mixing interfaces, and
only very slow mixing with minute gradients would lead to classical homogeneous nucleation
from mono-nuclear iron(III) precursors, also according to step (iv).
The above account of the principle chemical processes involved in iron oxide formation does not
include a physical chemical perspective, that is, an interpretation from the point of view of
nucleation theory. The above described mechanism (iv) may be seen as a pathway within the
notions of CNT where the random addition of monomers to a subcritical nucleus, which can grow
13
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without limit once these fluctuations yield a nucleus of critical size. Indeed, Van der Woude and
De Bruyn[87] analyzed induction times in the pH regime between 1.7 and 2.5 in iron(III) solutions
and developed a thermodynamic model that describes the nucleation and growth within the
notions of the CNT. In this model, the critical nucleus was determined to consist of maximally 16
to 32 iron atoms. It is important to note that in this study the oversimplification and inadequacy
of the classical model has been criticized and polymeric species have been suggested as growth
units within the CNT in order to overcome the theory’s shortcomings.[87] In the classical picture,
critical nuclei grow by the addition of monomers whereupon the degree of supersaturation, and
therewith, the number of critical nuclei versus the number of growth units determines the
appearance of the resulting precipitate.[79, 108] Utilizing a computational experiment, Melikhov
et al.[88] suggested that the critical nuclei are in fact (Fe(OH)3)4 tetramers, which can grow without
limit by further addition of mononuclear Fe(OH)3 species. In a more recent study the nanoscopic
particles observed in the formation of magnetite were included into the CNT. Magnetite was
found to be formed by the accretion of stable nanospheres as building blocks. For theoretical
treatment, these nanospheres were regarded as the growth units that in the original theory are
ions or atoms and that form pre-critical and critical nuclei.[40, 85]
For the formation of ferrihydrite, it has been argued that polymeric species that were observed
in previous studies already exhibit a “ferrihydrite-like” structure, e.g. structural motifs that can
be found in the final precipitate. This finding suggests that the formation of ferrihydrite is in
accordance with CNT from dihydroxo-Fe dimers as building blocks[95]. Schneider[31] argued that
the chemical potential of polynuclear oxohydroxo complexes is expected to pass a maximum

Figure 5 | Different structures of the proposed iron-oxo Keggin ion. The red octahedral illustrate the Keggin ion structure
within different crystal structures. Left: Magnetite crystal structure. Middle: Keggin ion stabilized by Bi3+ ions. Right:
Ferrihydrite structure. Taken from[33]
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region that may contain polynuclears such as Fe6O(OH)97+, while a recent study introduces an
iron-oxo Keggin ion, built up from 13 iron ions, acting in the subsequent growing process as
building block for aggregation (Figure 5).[33] It has been argued that iron oxide nucleation and
growth is essentially spontaneous, that is, not associated with a nucleation barrier at all under
most conditions, owing to the decisive energy gain upon hydroxylation and condensation as
already indicated above.[109] This seems to be in immediate contradiction with the appearance of
induction times for precipitation processes in many experimental settings.[87] The spontaneous
formation of stable pre-nucleation species which are polymeric molecular solute precursors to a
nanoscopic liquid-liquid demixing event, thereby giving rise to induction times, may in fact resolve
this seeming contradiction, and explain the above chemical processes within the notions of the
recently proposed PNC Pathway.[40]
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Scope of the thesis
The aim of this thesis was the investigation of the nucleation pathway in iron(III) (oxyhydr)oxide
precipitation and the introduction of a physical chemical model describing this pathway on the
basis of existing frameworks, especially of the PNC pathway. In order to elucidate nucleation and
the speciation and role of early occurring species, such as possibly occurring PNCs, an
experimental setup providing homogeneous, reproducible experiment conditions for iron(III)
hydrolysis was designed and tested. As the intermediate species and early stages of the
nucleation reaction are known to be difficult to monitor and characterize due to their possibly
dynamic nature and their chemistry, these experiments were developed so as to provide access
to the different reaction stages and to enable in situ monitoring of the parameters of the reaction
as well as to ensure homogeneous reaction conditions. The key steps in the mechanism were
identified and subsequently thoroughly investigated. As mentioned earlier, the reaction products
are expected to be dynamic and isolation of the reaction stage is thus likely to result in drying and
ageing effects, such as change in structure, possibly up to crystallization. The implementation of
in situ analytical techniques as well as alternative techniques that allow a minimization of isolation
effects is therefore required. Thus, suitable analytical techniques have to be implemented into
the system.
First, these techniques were used to study the nucleation pathway and to identify and
characterize the occurring intermediates and their chemical speciation. The results of these
investigations were tested for the applicability in existing nucleation frameworks such as CNT and
the PNC Pathway. Further understanding of these theories and their ability to describe nucleation
and precipitation in different systems is crucial for a complete understanding of mineral
formation, enabling us to predict nucleation mechanisms and precipitation products using the
underlying mechanisms as a basis. The existing frameworks were modified so as to fully describe
and explain the experimental observations made in the iron(III) (oxyhydr)oxide system. The
experimental investigations and the resulting suggested model are presented in Publication 1,
Chapter 4.2.
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To verify the results obtained in the first part of the thesis and to prove the applicability of the
used precipitation model, different variations of the investigated systems were studied and
described within the suggested framework. In this way, not only the nucleation pathway model
can be tested, but also a global application based on the same physical chemical reaction steps
and mechanisms can provide evidence for the potential predictive power of such theoretical
models. Furthermore, the necessity of a thorough, theoretical understanding is emphasized.
As an initial variation on the developed general nucleation pathway, the investigation of a widely
known system was chosen. Through the mere presence of chloride spectator ions during the
hydrolysis reaction, the nucleation pathway is altered so that a different precipitation product,
akaganéite, is formed. Akaganéite does not only exhibit a different, very specific crystalline
structure that differs significantly to those of the phases obtained in the absence of chloride, it
also incorporates a varying amount of chloride ions. On one hand this indicates a change in
reaction mechanism or in the speciation of occurring intermediates. On the other hand it gives
rise to the question whether or not the designation of the chloride ions as spectator ions is valid
or if they have to be thought of as active players given that they are incorporated within the
tunneled structure of the precipitate and stabilize the structure. In order to answer these
questions, the previously developed experiment was conducted in the presence of chloride ions,
and expanded to enable the monitoring of chloride concentrations within the reaction system.
The precipitates were isolated and characterized and the results were connected to the
observations made in the analyses of the nucleation pathway in the presence of chloride ions.
The corresponding results can be found in Publication 2, Chapter 4.3.
In addition to the study of rather well known systems and the expansion of the general nucleation
model onto these systems, another task is to verify applicability of this model by using it for the
description of effects that can be found in less studied iron(III) systems. Therefore, an organic
molecule was added and its interaction with the reaction components as well as the occurring
intermediates of iron(III) hydrolysis were investigated. Polyaspartic acid is an interesting example
as it is known to inhibit the precipitation process of calcium carbonate by stabilizing liquid
precursors as well as impacting the resulting solid phase.[110-111] A hydrolysis experiment was
designed, suitable for the investigation of the interactions between the additive and the inorganic
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compounds, but also providing comparability with the general hydrolysis reaction. The findings
of the general system not containing any additives were expanded so as to further explain the
observations made in the presence of an additive. The material formed upon hydrolysis in the
additive containing system was analyzed in situ to obtain information on its state in the solution.
Additionally, it was isolated for characterization. The properties of the material were studied and
its composition determined. The experimental results and the expanded model describing
nucleation in the presence of the additive is outlined in Publication 3, Chapter 4.4. The findings
of these experiments were used to verify the nucleation model as a general pathway for the
iron(III) system and to specify the role of the organic additive within this system.
Using the acquired data and knowledge on the iron(III) system, on the influence of spectator ions,
its and the impact of an organic molecule on this system, a global nucleation model was
suggested, assembling all the modifications and their impact, enabling an explanation of the
different observations made in this system. This model was based on and placed within existing
frameworks, overcoming their shortcomings and expanding them to describe a wider range of
systems, in order to approach a more general model. This more general model gives a detailed
overview on the different reaction mechanisms, describes the species present at every stage of
the reaction, the transformation of these species as they progress towards precipitation, and
provides an explanation for the formation of the respective solid materials and their specific
structures.
The main objectives of this work are:
•

General pathway:
•

Explore whether the nucleation of iron(III) (oxyhydr)oxides can be understood
based on the notions of the PNC pathway

•

Identification of possibly occurring PNCs and of their chemical speciation

•

Examination and localization of the phase separation event (molecular basis of
suggested change in dynamics)

•

Description of the nucleation pathway within physical-chemical framework
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•

Influence of additives:
•

Investigation of the (mechanistic) role of selected additives on the nucleation
pathway

•

Determination of the composition and speciation of PNCs in the presence of the
additives

•

Formulation of a mechanistic scheme, describing the nucleation within a general
model

•

Examination of the resulting material in presence of the additives
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4.1 Record of Contribution
The findings of Chapter 4.2 have been published in The Journal of Physical Chemistry Letters 7,
3123 (2016). All preliminary work to the study was performed by myself. I designed, optimized,
carried out and evaluated all the titration experiments. I provided the samples for all analyses and
performed UV-Vis, turbidity and conductivity measurements. I established the evaluation
methods for titration and conductivity measurements. Dr. Markus Drechsler carried out the cryoTEM imaging with samples provided by me. Rose Rosenberg did the AUC measurements of the
samples and the evaluation of the results. Dr. Alexander V. S. Van Driessche and
Dr. Tomasz M. Stawski provided assistance with the SAXS measurements and assisted in the
evaluation of the data. Dr. Baohu Wu evaluated the SAXS data. Sonja Stadler measured the zeta
potential under my supervision, following my instructions. Together with Dr. Denis Gebauer and
Dr. Baohu Wu, I wrote the manuscript for publication.
The findings presented in Chapter 4.3 have been published in Minerals 5, 778 (2015). The
titrations and SEM/EDX (scanning electron microscopy/energy dispersive X-ray spectroscopy)
analyses as well as preparations for X-ray diffraction were performed by Tobias Lemke under my
supervision and with my instructions. Some titrations were carried out by Denise Castellanos
under my guidance. I performed the remaining titrations, tested and optimized the measurement
with the Cl--selective electrode. Moreover, I established the evaluation procedure of the data
obtained by these titrations. I carried out the evaluation of the different analytical techniques.
Together with Dr. Denis Gebauer I wrote the manuscript of the published article.
The findings described in Chapter 4.4 have been published in The Journal of Chemical Physics 145,
211917 (2016). The presented and discussed research plans and experiments were designed and
planned by myself with the support of Dr. Denis Gebauer. The titrations, TEM (transmission
electron microscopy), PXRD (Powder X-ray diffraction) and SEM characterization were carried out
by Judith Schwaderer, Julian Konsek and Sonja Stadler during internships under my supervision
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and guidance. Dr. Markus Drechsler did cryo-TEM imaging of samples provided and chosen by
me. The same was the case for AFM (atomic-force microscopy) measurements carried out by Dr.
Xiang Ma and light microscopy imaging by Dr. Martin Stöckl. Together with Dr. Denis Gebauer I
wrote the manuscript for the publication.
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4.2 Publication 1: The molecular mechanism of iron(III) oxide nucleation
4.2.1 Abstract
A molecular understanding of the formation of solid phases from solution would be beneficial for
various scientific fields. However, nucleation pathways are still not fully understood, whereby the
case of iron (oxyhydr)oxides poses a prime example. We show that in the prenucleation regime,
thermodynamically stable solute species up to a few nanometers in size are observed, which meet
the definition of prenucleation clusters. Nucleation then is not governed by a critical size, but
rather by the dynamics of the clusters that are forming at the distinct nucleation stages, based on
the chemistry of the linkages within the clusters. This resolves a longstanding debate in the field
of iron oxide nucleation, and the results may generally apply to oxides forming via hydrolysis and
condensation. The (molecular) understanding of the chemical basis of phase separation is
paramount for, e.g., tailoring size, shape and structure of novel nanocrystalline materials.
4.2.2 Introduction
Playing important roles in geology, biology, medicine, and industry, iron oxides are of great
interest.[6, 15, 22, 29, 34] In spite of a vast amount of literature on iron chemistry,[29-31, 71, 73, 76] iron
oxide precipitation is still not well understood.[34] Deciphering the underlying molecular
mechanisms would prove beneficial for, e.g., syntheses of nanoparticles,[35, 112-114] controlling the
structures of solids,[30] or improved treatments ocid mine drainage.[3, 115] However, the analyses
of iron solutions and early occurring iron (oxyhydr)oxides turn out to be particularly complex.[31,
34]

It is known since the 1960s that iron oxide precipitation proceeds via complex ions (i.e., inorganic
oligomeric or polymeric precursors and intermediates), which were studied extensively.[66, 109]
Flynn[29] identified four main steps; (i) formation of low-molecular weight species, and (ii) of
cationic polymers thereof; (iii) polymer aging with conversion to oxide phases; and (iv)
precipitation directly from low molecular mass precursors. Notions of classical nucleation theory
(CNT) were consulted to describe these processes,

[31, 72, 85, 87, 95, 116]

and supersaturation may

govern the appearance of precipitates.[79] By stark contrast , some authors argued that nucleation
in this system is not associated with a CNT-like barrier due to the decisive energy gain upon Fe(III)
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hydroxylation and condensation.[109] In an attempt to reconcile these contradictions,[31, 69] it was
argued that the formation of polynuclear complexes could be conceived of as a result of
heterogeneous nucleation at mixing interfaces with negligible barriers. Only very slow mixing with
minute gradients would then lead to homogeneous CNT-like pathways giving rise to the
observation of induction times; however, this regime was never accessed and explored in detail
experimentally. While growth via aggregation of nanoscopic precursors was reported for
akaganéite, ferrihydrite, goethite, and mixed-valent phases such as magnetite,[29, 32-33, 35, 71, 76, 78,
85, 104, 114, 117-119]

and discrete Fe13 iron-oxo Keggin ions can be fundamental to “non-classical”[120]

growth schemes,[33] the high reactivity of iron(III) above pH 2.3 renders in situ analyses difficult.[34]
On the other hand, isolation procedures are generally prone to the generation of artifacts,
especially during the early stages of precipitation, where high concentrations cause kinetic effects
upon heterogeneous mixing,[31] or rather extended aging times must be employed.[29, 31-32, 66, 72-73,
76, 78-79, 87, 116]

Herein, in order to explore the above-mentioned dichotomy between infinite condensation and
the existence of a nucleation barrier under conditions of homogeneous mixing and low driving
force for phase separation, we take advantage of an advanced potentiometric titration assay
inspired by Hedström, De Bruyn and others.[40, 69, 73, 87] Previous titration experiments were carried
out at fixed iron concentrations via a slow increase in pH,[74] where the reaction is not limited by
the iron concentration. By contrast, we dose strongly acidic and dilute iron(III) solution into
hydrochloric acid solution at constant pH. Similar experiments were also carried out by Van der
Woude and de Bruyn,[87] but not explored in detail. Importantly, in our experiments, the
hydroxide and iron concentrations are distinctly lower than, or in the same range as in all previous
studies, and the mixing rates are slower by at least a factor of 30.[74, 87, 116] The advantages of our
approach is the minimization of mixing artifacts, enabling accessibility to, and separation of, the
distinct stages of phase separation (regimes i-iv, cf. above) under low driving force, which has not
been achieved previously. Comprehensive analyses employing various additional techniques
allow us to delineate a consistent nucleation mechanism for iron(III) oxides. We show that a
change in the chemistry of the linkages within hydrolyzed iron(III) olation polymers governs the
onset of aggregative processes as a consequence of phase separation. This highlights that notions
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of CNT, i.e., a transitional state based on a nucleus of critical size, cannot explain the nucleation
behavior of iron(III) oxide; the central property defining pre- and postcritical nuclei is not a critical
size but the dynamics of the species forming pre and postnucleation, respectively, which is in turn
consistent with the notions of the so-called prenucleation cluster (PNC) pathway.[40] Due to their
high dynamics, olation polymers qualify as solute PNCs, and are part of the homogeneous solution
in analogy to micelles.[40] While the bridging of iron(III) centers via hydroxo bridges (olation)
indeed proceeds via the prenucleation regime and gives rise to a Flory-like size distribution of PNC
olation polymers, the energy barrier associated with the phase separation arises from the internal
formation of oxo bridges (oxolation) within the PNCs at some critical iron concentration and pH.
This may rely on metastable fluctuations in size within the population of olation PNCs, and
provides an alternative explanation for the observation of induction times at low driving forces
for phase separation. It does not require invoking the concept of nuclei of critical size, and
resolves a longstanding debate regarding the molecular mechanism of iron(III) oxide nucleation
via binodal pathways. At high driving forces for phase separation, i.e., higher pH levels, this barrier
may disappear, and lead to indefinite condensation proceeding without any major barriers, which
may physically correspond to entering a spinodal regime.
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4.2.3 Results and Discussion

Figure 1 | The early stages of the hydrolysis of iron(III) at distinct pH levels. (a) Upon slow addition of iron(III) solution into
hydrochloric acid solution (concentration of added iron shown on the abscissa), the preset pH value is maintained at a constant
level via automatic counter-titration of sodium hydroxide solution (ordinate, smoothed data shown; raw data are displayed in
Figures S2 and S8 in the Supplementary Information). Experiments were performed at eight pH levels between pH 2 and 3 as
indicated. The blue arrows mark the transition regime identified by the stop experiments at pH 2.4 as shown in panel b; the
addition of Fe(III) solutions was stopped at pH 2.4 at different iron concentrations (as indicated in the legend) while the pH value
was monitored continuously for an additional time period of 5000 s. During the early stages, the pH value remains constant
showing that the hydrolysis reaction stops. By contrast, at later stages, the pH decreases continuously without delay after stopping
the addition of the Fe(III) solution. The transition occurs between ca. 3.6 and 4.5 mM added iron(III) concentration at pH 2.4, and
the concentration ranges for the transition was determined for eight pH values between 2.0 and 2.85 (see Table S2 and section 4
of the Supporting Information).

Figure 1a shows the base consumption due to hydrolysis during Fe(III) addition into hydrochloric
acid at different and constant pH levels. This is because hydroxide ions are available only from
self-dissociation of water, providing a minor corresponding population at these pH levels, and any
binding of hydroxo-ligands must be balanced by titration so as to avoid a decrease in pH (i.e.,
Fe(III) + H2O

Fe(III)OH + H+). Above ca. pH 2.1, the hydroxide level from water self-dissociation

is sufficient for the reaction to occur to a significant extent. The titration curves initially increase
with a nearly linear trend, and then transition toward an upward-bent regime that asymptotically
approaches a steeper, again linear slope. Experiments at varying rates of Fe(III) addition provide
kinetics (Supporting Information, section 2, Figure S1). With increasing pH (i.e., increasing
hydroxide concentrations), the initial slope becomes steeper, and the transition to the second
regime occurs at lower added iron(III) concentrations. The behavior of the titration curves, in
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principle, indicates a transition between at least two distinct reaction mechanisms of iron(III)
hydrolysis.
Insight into this transition can be obtained when the addition of iron(III) is stopped at different
times, while the ongoing development of the pH level is monitored (Figure 1b). For instance,
below 3.6 mM added Fe(III) pH 2.40, the hydrolysis reaction comes to a stop within
experimentally observed times. However, above 4.5 mM at pH 2.40, the reaction proceeds
without any delay, as evident from the continuously decreasing pH value. This shows that in the
early stages, the reaction is in equilibrium and only proceeds with increasing iron concentration.
In turn, this is evidence that the system is either in the stable or metastable region of the phase
diagram, that is, under- or just slightly supersaturated and close to the binodal limit, rendering
determination of the equilibrium constant of the hydroxo-ligand exchange possible. The
equilibrium yielding monohydroxo Fe(III) species predicts a linear slope, which is given by the
initial trend of the curves at all investigated pH values (Supporting Information, section 3,
Figure S2 and Table S1) The corresponding value for the concentration-based equilibrium
constant K1 is in accord with the literature.[69] Required adaptions yield an equilibrium constant
that is consistent with the distinct thermodynamic stability expected for the iron(III) hydroxo
complex (cf. Supporting Information, section 3, log K2 = 11.06 ± 0.16).
When the Fe(III) concentrations characterizing the transition obtained from the stop experiments
are compared with the titration profiles, it is obvious that it occurs as the base addition starts to
significantly bend upward (Figure 1a, blue arrows, and Supporting Information Figure S2). Thus,
this common feature can be used to determine the transition at all investigated pH levels
(Supporting Information, section 4, Figure S3, Table S2). Based on the above consideration, it is
also obvious that the transition occurs as the hydrolysis reaction starts to yield species other than
FeOH2+ (or any potentially existing olation polymers thereof, see below), to a significant extent.
In other words, the initially linear increase in OH- consumption versus the addition of iron
(Figure 1) is only consistent with the reaction Fe(III) + xH2O

Fe(III)OHx + xH+ when x = 1, because

the law of mass action yields c(H+)x = Kc(Fe(III))/c(FeOHx). However, in the nonlinear regime, as
the hydrolysis reaction proceeds independent of the iron addition, it is impossible to draw any
reliable conclusion towards iron speciation, at least without additional information, or derive
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Figure 2 | | Cryo-TEM analyses of earliest iron(III) (oxyhydr)oxide species. (a) Titration profile (smoothed) illustrating the stages at
which the samples were drawn; blue arrows mark the transition region at which the hydrolysis reaction starts to proceed
independent of the added iron(III); (b) Before the transition region of the reaction (samples were drawn from the titration at the
red vertical line in panel a), polydisperse (1-2 nm) and largely nonaggregated spherical species can be seen, which qualify as PNCs.
The bar plot in the inset shows the PNC size distribution. (c) In the transition stage (samples drawn at the black vertical line in
panel a), larger aggregates are formed. The nanogranular internal structure of the aggregates, the length scale of which relates to
the sizes of individual PNCs, seems to gradually vanish in some regions. All scale bars 100 nm.

corresponding equilibrium constants. Still, notably, the curves are not immediately governed by
kinetics (Supporting Information, section 2).
In the equilibrium stage, more or less segregated species smaller than ca. 2 nm in size can be
observed by means of cryogenic transmission electron microscopy (cryo-TEM, Figure b), which
are polydisperse, with an average diameter of ~1.0 nm (Figure b, inset). Micrographs of samples
obtained after the transition in the reaction mechanism, however, exhibit a distinctly different
behavior (Figure c). Agglomerates reach sizes of about 100 nm. Notably, the cryo-TEM
investigations strongly suggest that the transition from nonaggregative to aggregative behavior
is simultaneous to the observed change in the reaction mechanism (Figure 2a).
In situ time-resolved small-angle X-ray scattering (SAXS) experiments provide further information
on the size of, and the interactions between, the species occurring at the distinct stages of iron(III)
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(oxyhydr)oxide formation (see the Supporting Information section 5 and Figure S4 for details).
The temporal evolution of the SAXS profiles during the titration experiment is shown in Figure 3a.
The scattering intensity I(q) increases continuously with time in a low to medium scattering vector
range of q < 2 nm-1 (also see Supporting Information, Figure S5). The SAXS plots in double
logarithmic scale (Figure 3a) reveal three main stages of the processes as time proceeds: (I) In the
first stage (earlier than 3300 s, i.e. at iron concentrations below 1.89 mM), the scattering intensity
increases with increasing iron(III) addition exhibiting a knee at ~0.8 nm-1 and a weak
compressibility (i.e. I(q) decreases with q approaching 0). The latter arises from - if anything repulsive interactions between the scattering objects with an average distance <a> of
approximately

10

nm.

(II)

In

the

second

stage

(between

3300

and

6300

s,

1.89 mM < c(Fe3+) < 3.35 mM), the scattering intensity is larger than the form factor
(noninteracting species) in the lower q-range, which is indicative attractive interactions between
the objects, developing around 3300 s (Figure 3b). (III) In the third stage (later than 63000 s,
c(Fe3+) > 3.35 mM), the scattering curves exhibit a trend toward a q0 intensity scaling (Guinier
region) in the very low q-range, implying the formation of large particles, or of aggregates
composed of the smaller primariy species. Kratky plots provide information on the globularity and

Figure 3 | SAXS analysis of hydrolyzing solutions of aqueous iron(III). (a) Time evolution of the SAXS intensity. (b) Calculated
structure factor, S(q), for different times, as indicated, showing repulsive (60 s-3000 s) and attractive interactions (later than
3000 s).
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flexibility of the scattering species. They exhibit bell peaks (0 < q < 1 nm-1) with a plateau in the
high q region ( 2 nm-1 < q < 3 nm-1) for the later stages (e.g., 16200 s), which are typically indicative
of globular structures with flexible linkers (Figure S5b in the Supporting Information). The size
distribution of the scattering objects were calculated by the curve simulation via Monte Carlo
methods utilizing the McSAS software [121-122] (Supporting Information section 5, Figure S6). Only
data for reaction stages later than 5400 s were evaluated, as the applied detector only offers a
limited q-range, precluding reliable fitting of the data. Nevertheless, as the scattering behavior
does not significantly cary in the high q range for the curves obtained during the early stages, it is
evident that the underlying sizes of scattering objects are similar to the ones obtained for 5400 s.
The average radius of gyration Rg increases slowly in a linear manner from ~3 nm at 5400 s to
~6 nm at 12300 s accompanied by a broadening of the size distribution. At later reaction stages,
the radius of gyration Rg remains relatively constant between 6 and 7 nm with an increasing
overall volume fraction and even higher polydispersity. The calculated repulsive structure factors
S(q) become weaker as time proceeds and the iron concentration increases until ~3300 s.
Afterward, attractive structure factors describe the scattering curves (Figure 3b). A comparison
with the corresponding titration data (Supporting Information, Figure S4) shows that the
transition from repulsive to aggregative interactions happens just before the transition range that
was identified in the stop experiments and corroborated by cryo-TEM as described above. As
already indicated above, the sizes obtianed from SAXS investigations of solutions at 5400 s
provide a good estimate for the sizes of earlier species. Assuming hard spheres and random
coils,[123] the radius of gyration of ~ 3.0 nm from SAXS yields corresponding hydrodynamic
diameters of 7.7 nm and 4.6 nm, respectively (Supporting Information, section 6). The rather
large deviation between sizes obtained from SAXS and cryo-TEM (ca. 1.0 nm in diameter) can be
explained by the fact that hydration shells are invisible in the TEM images, whereas not all parts
of the actual clusters may exhibit sufficient contrast with the background, especially considering
their suggested structural polymeric configuration (see below).
The iron hydroxide species forming in the early stage of the experiment were analyzed by
analytical ultracentrifugation (AUC). Samples for AUC analyses were drawn directly from titrations
at different pH values (2.0, 2.2 and 2.4) after 3000 s, which thus possess a similar concentration
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of added iron ions (ca. 1.7 - 1.8 mM) and represent prenucleation equilibrium stages of the
titration experiment (Figure 1, cf. also the Supporting Information, Table S2; note that the later
nonequilibrium stages cannot be analyzed by means of AUC due to their inherent instability). Due
to the difference in pH, however, the samples display distinct equilibrium stages; there is no
hydrolysis reaction for pH 2.0, but during the titrations at pH 2.2 and 2.4, an increasing amount
of base is consumed with increasing pH (Figure 1). Consequently, for pH 2.0, only mononuclear
species with a sedimentation coefficient of ~0.3 S can be detected, which can be assigned to
hydrated Fe(III) ions with aquo-/chloro-ligands. The samples drawn from titrations at higher pH
values, by contrast, show a second population besides ions with significantly larger sedimentation
coefficients of ~1.2 S and ~2.2 S for pH 2.2 and pH 2.4, respectively. One sample at pH 2.4 indicates
the presence of even larger species at ~0.8 S and ~2.5 S. All larger species can be assigned to
clusters that must be constituted by FeOH2+, as evident from the linearity of the titrations slope
as discussed above. Moreover, their relative AUC-derived concentration is similar for pH 2.2 and
2.4 and ranges from 0.28% to 8.59% and is consistent with the allover molar concentration of
FeOH2+ obtained from titration (see below). The density of the clusters can be determined by
combining SAXS and AUC data (Supporting Information, section 6), yielding approximately
1.055 g/mL and 1.16 g/ml assuming hard spheres and random coils, respectively, whereas the
density for ferrihydrite[22] is 3.96 g/mL. The significantly lower density of the early species points
toward their inorganic oligomeric or polymeric speciation with a rather high water content and a
structure that is different from ferrihydrate.
The hydrolysis of iron(III) proceeds via olation and oxolation. Olation refers to the replacement of
aquo-ligands by hydroxo-ligands, which is generally a very fast reaction due to the high lability of
coordinated water molecules.[30, 100, 124] Monomeric hydroxo-complexes can become bridged and
form oligomeric or even polymeric complexes without any further hydroxide consumption. This
must occur in the equilibrium stage of the titration experiment, because the size of the detected
clusters obtained by AUC, cryo-TEM and SAXS experiments cannot be explained on the basis of
mononuclear entities. Furthermore, as shown above, there is no significant population exhibiting
stoichiometries other than Fe(III)OH in the equilibrium stage. The concentration of Fe(III)
hydroxo-complexes can be calculated based on their equilibrium constant of formation (i.e. K2)
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showing that they constitute ca. 1 mass-%), and highlights that Fe(OH)2+ quantitatively resides in
thermodynamically stable species (K2 >> 1, i.e., ΔG << 0) that are significantly larger than the
monomeric complex, on average. Thus, the species detected in the equilibrium regime must be
olation PNCs, [Fe(OH)2+]cluster. Most likely, these clusters are closely associated with counterions
balancing their charge, which may explain their somewhat larger mass fraction in AUC analyses
when compared to titration. Consistently, the cryo-TEM data in combination with SAXS structure
factors are compatible with their solute speciation, and, as calculated from AUC and SAXS
experiments, the PNCs have a rather low density. In accordance with the PNC notion, we suggest
that the equilibrium constant K2 of formation of Fe(OH)2+ actually represents an average for the
formation of a highly dynamic population of [Fe(OH)2+]cluster, which is consistent with an initial
liner sope (i.e., pseudophase assumption and equilibrium constant of monomer addition
independent of cluster size, as discussed in detail elsewhere).[40]
The PNC notion also suggests that the phase separation event relies on a significant reduction of
the dynamics of the PNCs, as it renders them distinct from the solution, and gives rise to the
development of interfacial surface is energetically unfavorable, and drives aggregation. Indeed, a
nonaggregative behavior during the prenucleation stage is obvious from cryo-TEM as well as
SAXS, where the structure factor suggests - if anything - a compressibility governed by repulsive
interactions. These could in principle arise from electrostatic stabilization which is intimately
influenced by ionic strength. Corresponding titration experiments in the presence of additional
salt (Supporting Information, section 7, Figure S8) provide evidence that electrostatic stabilization
is an unlikely explanation for the observed repulsive interactions. Fitting of the repulsive structure
factor with a screened Coulomb potential of spherical scattering objects furthermore suggests
surface charges on the order of 60 elementary charges on spheres that are 0.5-1.2 nm in size
(Figure S7 and Table S3), which is an unrealistic high charge for small objects , highlighting that an
electrostatic stabilization model is implausible. This is further supported by means of zeta
potential measurements (Supporting Information, section 5). We speculate that entropic effects
govern the compressibility in the equilibrium stage and underlie the repulsive interactions.
Essentially, all of this is in accord with the PNC notion; i.e. the olation polymers are solutes thanks
to their dynamics and not intrinsically prone to aggregation.
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Figure 4 | Evidence for the phase transition from time-dependent turbidity and UV-vis spectra. (a) The turbidity (at a wavelength
of 610 nm) increases throughout the whole experiment (data sets smoothed) but shows a distinct bend when the change in
reaction behavior occurs (titration at pH 2.5). (b) UV-vis spectra taken at different stages of the titration at pH 2.85 as indicated.
A band at 485 nm develops simultaneously to the changes observed in the titration data (cf. Table S2, pH 2.86), indicating the
formation of extended oxo-bridged iron species.[REFERENCE

The change in hydrolysis reaction, and the reduction of dynamics, which triggers the aggregation
of the formed species due to the development of interfacial surfaces, can be explained by the
onset of oxolation, yielding more stable, and much less dynamic bridges between Fe(III) centers
within the clusters. In fact, turbidity measurements and UV-vis spectroscopy confirm this. At the
transition identified in the titration experiments, the solution exhibits a distinct increase in
turbidity, and a band at 485 nm develops in UV-vis spectra (Figure 4), indicating the presence of
spatially extended ferric species.[3] Furthermore, the conductivity of the system was measured
during the ongoing hydrolysis, which can be used to calculate the concentration of dissolved iron
ions (even though the measurements do not provide absolute iron ion concentrations for reasons
outlined in the Supporting Information, section 8, Figure S9). The concentration of Fe(III)aq
decreases distinctly on the onset of the transition region identified above. This decrease of iron
ion concentration in solution is evidence for their binding and can be accredited to phase
separation, as the phase separated iron species contribute no longer to the overall conductivity
of the electrolyte solution.
4.2.4 Conclusion
In conclusion, from a physicochemical point of view, olation polymers can be conceived as
thermodynamically stable solute PNCs (Figure 5).[40] They exhibit a comparably low density, they
are highly dynamic, and constantly decompose and reform, yielding a stable solute cluster
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population according to the notions of Flory polycondensation. At this stage of the reaction,
ligand exchange continuously takes place and the weakly bound aquo-ligands are replaced by
hydroxide ions. Previous results showed that chloride ions are replaced from iron oxide
precursors with the onset of oxolation,[124] and combination of this insight with the present work
proves that they are not released to any significant extent during the formation of olation
PNCs.[119] The onset of oxolation distinctly slows down the dynamics of the clusters, and renders
them a new phase. In accordance with the notions of the PNC pathway, this event of developing
an interface may be conceived as passing a liquid -liquid binodal. While our results are in
agreement with earlier studies on the chemistry of aqueous iron(III),[29, 31-32, 74, 78, 104] the titration
assay combined with complementary analytical methods enables the allocation of the distinct
stages of iron oxide precipitation, and a molecular understanding of the event of phase
separation. Some authors suggested that this event is governed by size, i.e., within the notions of
CNT.[74] However, using different in situ- analytics, we show that the clusters evolve dynamically

Figure 5 | Schematic overview of the molecular mechanism of the nucleation of iron(III) oxides. The process is generally in accord
with the notions of the so-called prenucleation cluster pathway. For explanation, see text.
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and that similarities between olation PNC structure and distinct crystal lattices are highly unlikely.
Ultimately, the chemistry of the likages in hydrolyzed iron(III) poymers governs the onset of
aggregative processes that in turn derive from the creation of interfacial surfaces due to
decreased cluster dynamics upon oxolation - as opposed to cluster size. Thus, our findings can
rationalize the existence of induction times that may arise from metastable fluctuations in size
within a stable population of PNC olation clusters, whereas polymerization - based on olation - is
indeed not associated with a CNT-like barrier. It must be noted that this mechanism is valid for
low driving force for phase separation, i.e. close to the binodal limit. At higher pH values, the
nominal supersaturation at any given iron concentration increases dramatically, and hydrolysis
and polycondensation can become essentially spontaneous and proceed infinitely without any
barriers even at minute iron(III) concentrations, which may then be conceived of as spinodal
(diffusion limited) demixing. Last but not least, in either case, the aggregation-based phase
separation mechanism sows that the notions of nucleation and growth via single atoms or
molecules are too simplified for understanding the formation of iron oxide nanoparticles. In turn,
due to its higher complexity, this process can be influenced and controlled before, during and
after phase separation, e.g. via the use of additives, or by applying hydrothermal conditions,
where the basic processes have recently shown to be similar.[125]
4.2.5 Supporting Information
1. Experimental
All chemicals were used as received: iron(III)chloride hexahydrate (Sigma Aldrich, puriss. p.a., ACS
reagent, 98.0 - 102%), hydrochloric acid (Merck, 0.1 M), sodium hydroxide (Merck, 0.1 M), sodium
chloride (VWR, 99.9%) nitric acid (Sigma Aldrich, puriss. p.a. reag. ISO, reag. Ph. Eur., ≥65%). All
solutions and dilutions were prepared with water of Milli-Q quality if not stated otherwise. All
samples were prepared freshly and analyzed immediately after drawing from the titration. The
hydrolysis was performed with an automated commercially availably titration setup provided by
Metrohm (Filderstadt, Germany). The titration device (836 Titrando), which operates two dosing
units (800 Dosino) is operated with custom-made software (Tiamo 2.3) that controls the dosing
of burette tips, which are equipped with special valves preventing the diffusion of solution into
the titration reservoir. pH values were measured with a double-junction pH electrode (Metrohm,
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6.0269.100). The electrode was calibrated regularly using three pH buffers (Mettler-Toledo).
Turbidity measurements were carried out using an optrode sensor (6.1115.000) with a 610 nm
laser. The titrations were carried out at ambient temperature in 100 mL beakers. After every
titration the glassware and the electrodes were cleaned with water of Milli-Q quality. In the
titration experimentes a solution of 0.1 M FeCl3 x 6 H2O in 0.1 M HCl was added at a rate of
0.01 mL/min into 25 mL of 0.01 M hydrochloric acid that was adjusted to the desired pH value by
addition of the required amount of 0.05 M NaOH prior to the titration. This pH value was kept
constant throughout the titration by counter titration of 0.05 M sodium hydroxide solution. AUC
was conducted on an Optima XL-I (Beckman-Coulter, Palo Alto, CA). The samples were centrifuged
at 60,000 rpm at 25°C and the Rayleigh interference optics were used for analysis. The
experiments were performed in 12 mm titanium double sector cells (Nanolytics, Potsdam,
Germany). 10 mM hydrochloric acid was used as reference solution. Evaluation of the data was
carried out using the software SEDFIT by Schuck[126] applying Lamm equation modelling for 1-4
non-interacting species to determine sedimentation and diffusion coefficients as well as
concentration of up to 4 species in a solution. Sedimentation coefficient distributions were
obtained by using SEDFIT and the density calculated with sedimentation coefficients from AUC
experiments and sizes from SAXS. For cryo-TEM, samples taken at different times from the
titration were spread on lacey carbon filmed copper grids by blotting with a filter paper. The
resulting thin film was vitrified by quickly plunging the grids into liquid ethane at its freezing point.
Specimens were examined at temperatures around 90 K with a Zeiss/LEO EM922 Omega TEM.
Collected image were processed with a background-subtraction routine and, where appropriate,
a smoothing filter (Butterworth Filter) was applied to reduce noise. The size distribution was
obtained using ImageJ, whereby the lower limit for the particle analysis was set to a particle area
of 0.25 nm2. With this limit, 1540 species were included in the determination of the size
distribution. UV-Vis spectra were obtained in situ utilizing a PEEK flow cell coupled to a
spectrometer (Ocean Optics, Dunedin, USA). Conductivity measurements were performed using
a conductivity cell (Metrohm, 6.0910.120) connected to a conductivity module 856 (Metrohm,
2.856.0010). The cell constant was determined prior to the measurements using a 100 µS/cm
conductivity standard solution (Metrohm, 6.2324.110). Samples for SAXS analysis were measured
in a sample-detector distance of 2.33 m and with a x-ray wavelength of 0.1 nm to cover the q35
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range (q is the scattering vector, q=(4π/λ)sin(θ/2)), θ is the scattering angle) from 0.07 to 4 nm-1.
The used detector was a Quantum 210R CCD detector from ADSC. A peristaltic pump (Gilson,
Middleton, WI, MiniPuls 3) was used to continuously transport small amounts of the reaction
solution at a flow rate of ~ 10 mL/s from the titration system into a custom-built PEEK flowthrough cell with a Kapton capillary and back into the system. The capillary exhibits a wall
thickness of ~ 10 µm and an internal diameter of 1.5 mm. The scattering patterns were normalized
to an absolute scale and azimuthally averaged to obtain the intensity profiles, and the solvent
background was subtracted. The angular scale was calibrated using the scattering peaks of silver
behenate. For references, the scattering patterns of the empty capillary and the capillary filled
with water were recorded. Analyses of the SAXS data are described in more detail in the
Supplementary Information, section 4. Zeta potential measurements were conducted with a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at 25°C with clear disposable zeta
cells.
2. Titrations at Varying Iron Concentrations
The

titration

provide

experiments
homogeneous

reaction conditions due to
slow mixing and low addition
rates of the reaction partners.
Addition rates as well as the
concentrations of the added
solutions were chosen to
ensure homogeneous mixing
and accessibility of the distinct
stages. However, it is also
important to minimize dilution
effects

and

realize

experiments on a time scale of
a few hours. To investigate the

Figure S1 | Titration curves obtained at different addition rates for the amount of
iron(III). The experimental conditions used in this work are represented by the red
graph. The values in parentheses in the legend represent the dilution factor relative to
this rate. The data shown in this figure was smoothed.
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influence of mixing and confirm the applicability of the chosen settings, titrations were carried
out with different iron addition rates. As the utilized addition rate of 10 µL/min is the slowest one
that is technically possible, the concentration of the iron salt solution was lowered and thus the
net addition rate of the amount of iron ions. Figure S1 shows the titration data obtained for
different addition rates and different concentrations of the iron solution at pH 2.85. The titration
curves display generally the same shape and a similar slope in the linear regime at higher iron(III)
concentrations. For very low concentrations of the added iron(III) solution the transition in the
titration curve to the linear regime seems to appear earlier than for higher concentrations.
However, under these experimental conditions, significant dilution effects arise from the fact that
high volumes of the iron(III) solution have to be added to increase the concentration of iron(III)
ions in the titration solution. A titration carried out at high addition rates shows a trend in the
opposite direction, suggesting that the addition rate has a slight influence on the concentration
range of iron(III) ions, at which the transition occurs, but does not influence the overall shape or
the final slope of the titration curve. The settings that were chosen in this work (red graph) lie in
the same range of those carried out at significantly lower concentrations. There are only minor
differences in the titration curves induced by a change in the addition rates of the amount of
iron(III) ions, which are mostly due to dilution effects; it can be concluded that the experimental
settings used in this work are representative for the investigated system.
3. Determination of equilibrium constants
The titration data for the early stage of the titration provides information on the equilibrium
underlying the hydrolysis reaction. the initial progression can be represented by a linear
asymptote, which was added to the data by eye (see Figure S2). Undoubtedly, this line
corresponds to the equilibrium yielding Fe(OH)2+ that can be characterized by equilibrium
constant K1 according to:[69]
=

[

(

) ][
[
]

]

(1)

The H+ concentration is given by the pH value of the solution, while [Fe(OH)2+] can be obtained by
calculating the amount of consumed hydroxide ions represented by single points on the added
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asymptotes. Accordingly, the concentration of free iron(III) ions can be calculated by subtracting
the amount of reacted (asymptotical) hydroxides from the added iron(III) ion concentration. The
values obtained for K1 at
the investigated pH values
are compiled in Table S1.
the value of log K1 of -3.09
± 0.16 (main value ±
standard deviation, N = 7,
ionic strength of about
0.02 M) is larger than the
value for log K1 of -2.2
reported in the literature
at similar ionic strengths,
and is actually closer to the
values between -2.96 and 3.05 that were obtained
for an ionic strength of

Figure S2 | Calculation of -log K in the initial stage of the reaction. Enlarged view of selected
titration curves (raw data) from Figure 1. The dashed lines are asymptotes corresponding
to the equilibrium concentration of Fe(OH)2+ giving the equilibrium constants compiled in
Table S1.

3 M.[29, 69, 72]
The law of mass action for the determination of K1 (equation 1) is based on the equilibrium
(FeH2O)3+

(FeOH)2+ + H+. Here, the equilibrium H+ concentration is considered to result from

iron(III) hydrolysis. However, a low pH level is in fact realized by the addition of HCl. From the
point of view of the principle of LeChatelier, this assures that the equilibrium is shifted towards
the Fe(III) aquo complex, i.e. mitigating hydrolysis. Since Fe(III) is highly acidic, hydrolysis takes
place at very low pH values and low iron concentrations. This, in turn, categorically implies that
the iron(III) hydroxo complex is highly stable, however, K1 << 1 (Table S1), and consequently
ΔG1 = RT ln K1 > 0. This contradiction is due to the flawed mass balance of equation 1, when
considered individually, i.e. that much more protons are actually present than generated based
on the corresponding equilibrium. This can be resolved when accounting for the (very low)
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hydroxide concentration providing realistic mass balance, i.e. Fe3+ + OH-

(FeOH)2+. This reaction

yields:
=

[
[

(

) ]
][ ! ]

(2)

The equilibrium concentrations of the different species can be calculated as described above,
while [OH-] is calculated from the measured pH value based upon the self-dissociation of water.
Consistently, K2 >> 1 and ΔG < 0 (Table S1), in accord with the expected, distinct thermodynamic
tability of the formed iron(III) hydroxo complex.
Table S1 | -log K for the reaction of iron(III) to Fe(OH)2+ at different pH values, determined as described in literature[69].

pH value

log K1

log K2

2

-

2.2

-3.14

10.91

2.3

-3.17

11.08

2.4

-3.04

11.07

2.5

-2.97

10.93

2.6

-3.09

10.89

2.7

-3.00

11.21

2.86

-3.28

11.30

Note that the titration-based data give analytical concentrations that do not account for activity.
Nevertheless, the values for K1 and K2 do not show a distinct trend with pH.
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4. Determination of the Transition Region at all Investigated pH Levels
Table S2 | Range of iron concentrations at which transition from olation to oxolation occurs at all investigated pH values.

pH value

c(Fe3+) / mM

2

-

2.2

10.0 - 11.0

2.3

6.0 - 7.0

2.4

3.6 - 4.5

2.5

2.5 - 3.0

2.6

0.8 - 1.5

2.7

0.4 - 0.6

2.86

0.3 - 0.5

From the experiments, in which the iron(III)
addition was stopped, a transition region
for the titration at pH 2.4 can be
determined as outlined in the main text. It
is found that the transition occurs in the
region, where the titration profiles (for
continuous iron(III) addition) start to
significantly bend upwards. To locate this
transition

region

and

enable

a

correspondent identification of this region
for the other pH values, without the need
to carry out tedious stop experiments for all
of them, the titration data was fitted with a

Figure S3 | Determination of the transition zone. The graphs show
the smoothed derivative of a polynomial fit of the original titration
data at different pH values. The transition zone was determined by
stop experiments at pH 2.4 (blue arrows). For the remaining pH
values, the position of the transition region was estimated by means
of the shape of the derivative function.
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polynomial function to avoid potential artifacts arising from the noise of the data. The first
derivative of this fitted function shows a distinct behavior that can be recognized for all
investigated pH values (Figure S3). This enables the localization of the region, i.e. the range of iron
concentrations at which the transition occurs for all investigated pH values (Supplementary Table
S2). For the titration at pH 2.05, no transition occurs within experimental duration.
5. SAXS Experiments
Titration for SAXS Experiments

Figure S4 shows the titration data
of

the

experiment

performed

for

that
the

was
SAXS

experiment. The shape of this curve
can be compared to the titrations
described

for

the

other

experiments (Figure 1). The onset
of aggregation that was observed in
the scattering patterns is located
just prior to the region that was
identified as the transition region,
in which the reaction mechanism
changes.

Figure S4 | Titration experiment for SAXS. The titration experiment was
performed as described in the methods section at pH 2.4. The data was
smoothed. The red vertical line depicts the transition from repulsive to
aggregative behavior seen from the SAXS results. The blue arrows mark the
transition region determined as described in the Supplementary Information,
section 3.

General Remarks

Small angle X-ray scattering (SAXS) is a very useful technique to study the structure (shape, size)
of scattering entities and their interaction in solution. The scattering intensity, I(q), for a
monodisperse system at a scattering angle of θ with scattering vector q=(4π/λ)sin(θ/2), can be
expressed as
" (#) =

$
(&') %( )(#)*(#)
%
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where N/V is the number of particles per
unit volume in solution. Vp is the volume of
a single particle, and (Δρ)2 is the scattering
contrast (for X-rays; the square of the
difference in electron density between the
scattering species and the solvent). P(q) is
the form factor of the scattering objects that
relates to their shape and size. Usually, in
dilute,

non-interacting

systems,

the

scattering curves show a form factor
behavior. S(q) is the structure factor, which
contains information about the interactions
between

the

scattering

objects.

The

structure factor S(q) can be extracted by
dividing the total scattering intensity I(q) by
the form factor of the sample (Figure 3b).
The repulsive structure factor, which
quantifies

the

primary

species

interactions/correlations, is included in our
fitting

process using the “Hayter-MSA-

Structure” model.[127-128] The model is based
on

screened

electrostatic

interactions

between charged particles in the presence

Figure S5 | SAXS curves and Kratky plots. a) Three dimensional plots
of time-resolved in situ SAXS curves; b) Kratky plots of scattered
intensity of I(q)*q2 as a function of time.

of counter-ions and the amount of salt added to the solution. This accounts for a repulsive
screened Coulomb interaction potential, which has only been used for the samples in the stages
earlier than 3300 s. The model is defined by the volume fraction of the hard sphere, the particle
charge, the diameter of particles and the ionic strength, temperature and dielectric constant of
solvent. The data was fitted using an Igor Pro based small-angle scattering analysis software
developed by the National Institutes of Standard and Technology (NIST, USA).[129]
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The repulsive structure factor evolution, fitted by
employing the “Hayter-MSA-Structure” model on the
early stages of the reaction is shown in Figure S8. Results
show that after 1800 s the structure factor can be well
fitted by the model. The interaction strength becomes
lower with increasing ionic strength (Figure S8). The
surface charge of the primary species is very high (above
60 elementary charges) especially for the early times
(Table S3). These unrealistically high charges show that a
model of electrostatic stabilization for explaining repulsive
interactions between the scattering species is implausible.
This is confirmed by the fact that zeta potential
measurements performed on the reaction solution in the
pre-nucleation stage (pH 2.5, 550 s) yielded a zeta
potential of 21.5 ± 1.5 mV (main value ± standard
deviation, N = 6). Generally, zeta potentials above 30 mV
can be assigned to electrostatic stabilized nanoparticle
suspensions.[130] Note that the sizes of the spheres
obtained from the fit are inherent to the model
Figure S6 | (a) Best fits of scattering curves (red
lines) via Monte Carlo simulation utilizing the
McSAS software; (b) corresponding volumeweighted radius of gyration distribution obtained
from SAXS curve simulation using Monte Carlo
methods.

assumption, i.e. to explain the measured structure factors
by charged spheres. In the light of their unrealistic high
charge, also the obtained sizes between 0.5 and 1.2 nm do
not necessarily reflect realistic proportions.

Determination of Particle Size Distributions from SAXS Curves

SAXS scattering curves were analyzed using a Monte Carlo method in order to get information on
the size distribution of the particles. Monte-Carlo data fitting was performed using the McSAS
software as described by Bressler.[121] In this method, the SAXS pattern is first simulated and
compared to the experimental curve. The advantage of this method is that one does not need to
assume a particular shape of the particles and the absence of inter-particle interactions that
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would otherwise determine the appearance of a structure factor peak in the SAXS curves. In the
regime later than 5400 s, the power law exponents change from 1 to 2, indicating Gaussian-chain
like structure formation. Thus a Gaussian-chain model was used to describe the scattering curves.
The form factor of a single chain corresponds to a Gaussian chain in solution whose scattering
function can be described by the Debye function:[131]
)(#) = 2/(#

-)

[

/
!./ 01

− #

-]

(4)

where Rg is the radius of gyration of the chain.
Table S3 | Charges and sizes of spherical scattering objects obtained by fitting the repulsive structure factor employing the HayterMSA-Structure model[127-128].

Time / s

Diameter / nm

Charge

Ionic Strength / M

1800

0.5

60.3 ± 0.8

0.0156

2100

1.2

66.2 ± 5

0.0169

2400

0.6

10.3 ± 0.1

0.018

2700

0.52

6.04 ± 0.02

0.0191

3000

0.56

2.02 ± 0.02

0.02

Figure S7 shows the fit results and the corresponding radius of gyration distributions weighted by
the volume at different times after 5400 s. At 5400 s, most of the scattering arises from aggregates
of primary species, whose radius of gyration is around 3 nm. The size distribution then becomes
broader, and mean sizes larger than 8 nm start to appear at 10800 s. As the formation of the large
aggregates proceeds, the maximum of the size distribution does not shift toward larger sizes and
volume fraction becomes large.
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SAXS Data Reduction and Analysis

SAXS experiments were performed at the non-crystalline diffraction beamline BL11-NCD at the
ALBA in Barcelona, Spain. Samples were measured in a sample-detector distance of 2.33 m and
X-ray wavelength of 0.1 nm to cover the q range from 0.07 to 4 nm-1 (q is the scattering vector,
q=(4π/λ)sin(θ/2), θ is the scattering angle).
A peristaltic pump (Gilson
MiniPuls 3) was used to
continuously

transport

small amounts of the
reaction solution at a flow
rate of ~ 10 mL/s from the
titration system into a
custom-built PEEK flowthrough cell with a Kapton
capillary and back into the
system.

The

capillary

exhibits a wal thickness of
Figure S7 | Calculated repulsive structure factor, S(q). Development of S(q) for different
times of the reaction. The structure factor was fitted by a screened coulomb interaction
potential (see section 4 in the Supplementary Information.

~ 10 µm, and an internal
diameter of 1.5 mm. The
scattering patterns were

obtained with 30 s exposure time for all time stages. This approach provides time-resolved in situ
analyses of the hydrolysis reaction. The SAXS patterns were normalized to an absolute scale and
azimuthally averaged to obtain the intensity profiles, and the solvent background was subtracted.
The angular scale was calibrated using the scattering peaks of silver behenate. For reference, the
scattering patterns of the empty capillary and the capillary filled with a mixture of HCl and NaOH
at the same ratio as at the end of the titration experiment were recorded.
For SAXS experiments on solution samples measured in a capillary with a very thin wall, water
and solvent are also measured in the same capillary with the same instrument configuration. The
final scattering intensity of the sample is:
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Where I(q)s, I(q)b, I(q)w, and I(q)EC are the measured intensities of sample, solution, background,
water and empty capillary respectively. The bottom term in the high q range is a flat scattering (q
independent), whereas T is the transmission and t the irradiation time.
6. Calculation of Density from Gyration Radius
To obtain the density from SAXS and AUC data, the gyration radius RG from the scattering
experiments has to be converted to the hydrodynamic diameter dH. The shape of the objects can
be assumed to be a hard sphere. In the case of hard spheres, the hydrodynamic diameter can be
calculated using the following equation:[123]
5
F G = 2H ∙
3

(6)

K

For polymeric species the relationship is as follows:[123]
FG = 2 ∙

K

(7)

1.3

From the SAXS experiments, a gyration radius of 3 nm and therefore a hydrodynamic diameter of
7.7 nm for hard spheres and 4.6 for polymeric species was found. The relationship between the
hydrodynamic diameter obtained by SAXS and the sedimentation coefficient s from AUC
experiments for calculating the density of the species is:
FG = H

18 ∙ MN ∙ O
∙
'P − 'N

K

(8)

where η0 is the viscosity and ρ0 the density of the solvent, and ρi the density of the sedimenting
species.[132]
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7. Influence of Ionic Strength on the Hydrolysis
To

investigate

whether

the

non-

aggregative behavior of the species
observed in the equilibrium stages of the
reaction

is

stabilization,

due
a

to

series

electrostatic
of

titration

experiments with varying ionic strength
was carried out. To increase the ionic
strength, different amounts of NaCl were
added to the starting solution. Figure S8
Figure S8 | Titrations at varying ionic strengths. To exclude
electrostatic stabilization of the early species as reason for their nonaggregative behavior, NaCl was added at the beginning to increase the
initial ionic strength I (as indicated) of the titration and the experiment
was conducted as usual.

compares titration data of the original
experiment with hydrolysis experiments at
higher ionic strengths. For an initial ionic
strength of 98 mM, compared to 8 mM in

the original experiment, the curve shows nearly the same behavior. Further increase of the NaCl
content up to an ionic strength of 253 mM leads to a decrease in base consumption in the early
stages while for the more advanced hydrolysis reaction it exhibits a steeper slope than in the
original experiment. However, the change in reaction mechanism characterized by the upwardsbent, which clearly coincides with the onset of aggregation as determined by SAXS, is - if anything
- delayed when the ionic strength is increased. Thus, the data show clearly that the species that
arise in the beginning of the reaction are not destabilized by an increase in ionic strength, as it
would be expected for electrostatic stabilization of nanoparticles. This is also confirmed by the
findings from the repulsive structure factor fitting that is described in chapter 4 of the
Supplementary Information. The decrease in base consumption indicates that less hydroxo
ligands are bound with increasing ionic strength, which is due to a decreased activity. Then, after
phase separation, the reaction is accelerated in comparison, which may then indeed be assigned
to screening of the electrostatic stabilization of the particles of the newly formed phase.
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8. Evaluation of free iron concentration based on conductivity measurements
The conductivity measurements carried out during the titrations provide the overall conductivity
of the solution with all contributing species such as ions and charged species. The theoretical
composition of the reaction mixture is accessible throughout the entire experiment. Assuming
the formation of iron(oxy)hydroxides, it is thus possible to calculate the conductivity Kx arising
from the dissolved ions (all other than iron ions) using their concentration cx and specific
conductivity λx (taken from [133]).
= Q ∙R

(9)

The remaining deviation from the measured value can be assigned to free iron ions.
< S2

−(

GT

+
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+

VST )
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W XT
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The cell constant of the conductivity cell was determined prior to the experiments and used by
the

program

for

data

correction. This constant is
highly temperature dependent
and can change with time as
passivation or deformations
have a high impact on its value.
To ensure that for each
experiment
constant

the
was

right
used,

cell
a

correction was carried out.
This was accomplished by
comparing the calculated with
the measured values for the
conductivity at the beginning
of the titration prior to the
addition of any solutions. At

Figure S6 | Calculated concentration of dissolved iron(III) ions based on
conductometry. In the beginning of the experiment measured and calculated iron
concentrations match well for all investigated pH values. Upon the change in reaction
mechanism, the concentration of free iron ions in the solution starts to deviate from
the calculated value, indicating the formation of a separate phase not contributing to
the conductivity of the solution. At early times and low pH values the obtained iron
concentration exceeds the theoretical one due to electrolyte leakage. The data was
smoothed.

this time point these values ought to be equal as all concentrations are known and no chemical
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reaction has occurred. The quotient of calculated and measured value provides the factor by
which the whole data set has to be corrected in order to avoid a systematic error. These corrected
values were used to determine the conductivity of the iron ions and therewith the concentration
of free iron ions in the reaction solution was obtained using equation (7) (Figure S9).
For a pH value of 2.01 for which no hydrolysis was observed, the calculated iron concentration
exceeds the theoretical value. This can be explained by the loss of electrolyte from the pH
electrode. During the measurement 3 M KCl diffuses through the porous membrane of the
electrode, increasing the conductivity of the electrode. This is an inevitable issue. However,
additional ions in the solution increase the conductivity and it can be therefore concluded that
the observed effect of iron ions being bound actually exists and the effect on the conductivity is
diminished by the leakage of the pH electrode. Another uncertainty is the molar conductivity
obtained from iron ions in literature.[133-134] This value describes the molar conductivity obtained
from iron ions in aqueous solutions at 25°C.[133] At the native pH value of water, hydrolysis of the
iron(III) solution occurs. Thus, the species for which conductivities were determined have to be
rather conceived as partly hydrolysed complexes than as iron ions, even for low concentrations.
Nevertheless, even though the analytical iron concentration remains inaccessible due to the
leakage of electrolyte and inaccessibility of the molar conductivity of the iron ions, the difference
between the added and the measured iron ion concentration is bound to be credited to a
reduction in the conductivity caused by the formation of species contributing less or not at all to
the overall conducticity. At earlier times and for very low pH values, however, the measured
conductivity is in line with the value expected for the free ions in solution. Hence, these
measurements corroborate the formation of a separated phase containing iron ions in
accordance to the experiments described above.
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4.3 Publication 2: The Role of Chloride in Akaganéite Formation Revisited
4.3.1 Abstract
Iron(III) hydrolysis in the presence of chloride ions yields akaganéite, an iron oxyhydroxide mineral
with a tunnel structure stabilized by the inclusion of chloride. Yet, the interactions of this anion
with the iron oxyhydroxide precursors occurring during the hydrolysis process, as well as its
mechanistic role during the formation of a solid phase are debated. Using a potentiometric
titration assay in combination with a chloride ion-selective electrode, we have monitored the
binding of chloride ions to nascent iron oxyhydroxides. Our results are consistent with earlier
studies reporting that chloride ions bind to early occurring iron complexes. In addition, the data
suggests that they are displaced with the onset of oxolation. Chloride ions in the akaganéite
structure must be considered as remnants from the early stages of precipitation, as they do not
influence the basic mechanism, or the kinetics of the hydrolysis reaction. The presence of chloride
in the tunnel-structure of akaganéite is due to a relatively strong binding to the earliest iron
oxyhydroxide precursors, whereas it plays a rather passive role during the later stages of
precipitation.
4.3.2 Introduction
The hydrolysis of iron(III) salts leads to a broad variety of iron(oxyhydr)oxides depending on many
different parameters such as pH, temperature and the anion present in the reaction mixture.[15,
22, 29-31, 75-76, 78, 135-137]

These iron(oxyhydr)oxide species play an important role not only for

numerous applications but also as crucial materials for living organisms in different habitats.[12, 22,
138]

In biomineralization processes, bacterial cells produce a variety of iron minerals by

precipitation, whereas the organisms control the structure of the forming sold using different
strategies.[6, 8-10, 16, 22] For example, the negatively charged cell walls of iron mineral producing
bacteria can bind the iron cations. Nucleation and growth is then induced at the cell wall.[7, 10, 16]
In these cases, the products of biomineralization resemble the precipitates that are found in
purely inorganic environments and factors such as the presence of certain counter-ions
determine the which iron phase is formed.[10] Hence, understanding of inorganic mineralization
is crucial for the understanding of the formation of minerals by bacteria. Besides the precipitation
process induced by bacteria, several organisms are known to transform iron (oxyhydr)oxides by
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oxidation or reduction reactions.[6, 9, 11-12, 22] Typical precursor phases for the transformation into
the mixed-valent magnetic iron oxides magnetite and maghemite are poorly crystalline phases
such as ferrihydrite and akaganéite.[8,

11]

Akaganéite itself can be obtained by bioinduced

mineralization.[8]
In inorganic systems, the presence of chloride ions is known to play a directive role in the
formation of akaganéite.[15, 22, 29-31, 75-77] This mineral exhibits interesting properties due to its
tunnel structure, which can be exploited in different applications such as ion exchange or
sorption.[139-141] While it is known that chloride ions are incorporated into the final structure of
the product when being present during the hydrolysis of aqueous iron(III) solutions, the
complicated reaction mechanisms of iron hydrolysis render a complete understanding of the
directive properties of chloride ions difficult. There have been ongoing debates on fundamental
questions concerning the reaction stage, at which the chloride ions direct the development
towards akaganéite and get incorporated into the structure. It has been suggested that chloride
ions react with the earliest species occurring during the hydrolysis reaction,[74] and are then
removed by hydrolysis from the growing colloidal species after being bound within mono- and
dinuclear complexes.[66, 74] The presence of chloride in the hydrolyzed species was in this case
attributed to an incomplete replacement by hydroxo- or oxo-ligands, [66, 68, 119] which is essentially
determined by the kinetics of the process.
Herein, we address these debated key questions regarding the influence of chloride during the
early stages of iron(III) hydrolysis in aqueous systems. A titration assay with a chloride ionselective electrode (ISE) was implemented to measure quantitatively the amount of free (i.e. nonreacted) and bound chloride ions throughout homogeneous, controlled hydrolysis experiments.
This experimental setup enables a quantitative access to the distinct, early stages of the reaction.
Chloride ISE measurements during iron(III) hydrolysis have not been reported previously, and
complement the abovementioned studies. This enables us to contribute to the ongoing debate
on the role of chloride during akaganéite formation.
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4.3.3 Experimental Section
General
All chemicals were used as received: iron(III) chloride hexahydrate (Sigma Aldrich, St. Louis, MO,
USA, purissimum pro analysi, ACS reagent, 98.0%-102%), hydrochloric acid (Merck, Kenilworth,
NJ, USA, 99.9%), sodium hydroxide (Merck, 0.1 M), sodium chloride (VWR, Radnor, PA, USA,
99.9%), sodium nitrate (Merck, 99.5%), iron(III) nitrate nonahydrate (Sigma Aldrich, purissimum
pro analysi, ACS reagent, ≥98%), nitric acid (Sigma Aldrich, purissimum pro analysi, reagent ISO,
reagent European Pharmacopoeia, ≥65%). All solutions and dilutions were prepared with water
of Milli-Q quality, generated with a Milli-Q Direct water purification system (Merck Millipore,
Billerica, MA, USA).
Titrations
The hydrolysis of the iron(III) salts was performed utilizing an automated commercially available
titration setup provided by Metrohm (Filderstadt, Germany). The titration device (836 Titrando),
which operates two dosing units (800 Dosino) is controlled by a custom-made software (Tiamo
2.3, Metrohm). The dosing units are equipped with burettes holding special valves that are
designed to prevent diffusion and also allow dosing at minimal rates of 0.01 mL/min. During this
addition, the pH-value of the solution was measured with a pH electrode (Metrohm, EtOH-Trode,
6.0269.100), which features an additional electrolyte reservoir shielding the inner electrolyte of
the inbuilt reference electrode, and automatically kept constant by the addition of 0.05 M NaOH.
The outer electrolyte of the pH electrode was replaced by 1 M KNO3 as the diffusion of the
typically used electrolyte KCl through the electrode membrane into the solution would lead to an
increase of the chloride concentration. 3 M KCl was used as inner electrolyte solution owing to
the requirements of the reference system. The electrolyte solutions were replaced prior to every
measurement. The pH electrode was calibrated every week using standardized pH buffers
(Mettler-Toledo, Giessen, Germany).
For the titrations with higher initial chloride concentration, 0.146 g NaCl was dissolved in the 25
mL hydrochloric acid, to which the iron(III) solution was added.
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Replacement of chloride ions by nitrate was achieved by dissolving Fe(NO3)3 · 9H2O in nitric acid
and adding this solution to 0.01 M HNO3.
Cl--activities were measured with a solid-state ion-selective electrode (Metrohm, 6.0502.120).
Calibration measurements of the ISE were carried out by titrating a solution of 0.3 M NaCl and
0.3 M NaNO3 to 0.01 M HCl that was previously adjusted to the desired pH value, while this pH
value was kept analogous to the titration experiments. For both investigated pH values,
calibrations were preformed separately to account for activity effects,[142] whereas the ionic
strength was adjusted as indicated above. Moderate continuous changes of the ionic strength
during the actual experiments were taken into account, based on the extended Debye-Hückel
theory. The starting values of the ISE signal at the beginning of each experiment slightly differed
from the expected value of the (initially known) chloride concentration. To avoid a systematic
error, the electrode intercept obtained from calibration was corrected to fit the starting
concentration of each experiments. The minor respective corrections were all within the standard
deviation of the main electrode intercept determined by averaging the complete data set of
calibrations (N=3 for each pH-value).
Isolation and Characterization of Precipitates
The solid products resulting from the titrations were isolated and characterized. Therefore, the
titration at pH 2.5 (respectively pH 2.7 for SEM/EDX analyses) was interrupted after titration over
night to obtain a sufficient amount of precipitate. As discussed below, for pH 2.0, no precipitate
can be obtained. The reaction solution was transferred into thick-walled polyallomer centrifuge
tubes (13 x 51 mm, Beckman Coulter, Brea, CA, USA) and centrifuged for one hour at 32,000 rpm
utilizing a preparative ultracentrifuge (Beckman Coulter). The sediment was separated from the
solution by decantation and subsequently dried in a vacuum oven at 35°C. Freeze drying of the
isolated samples yielded the same product (data not shown).
Powder X-ray diffraction (P-XRD) measurements were performed using an AXS D8 Advance
diffractometer with a Göbelmirror PGM by Bruker (Billerica, MA, USA). The experiments were
carried out with Cu Kα radiation at a scanning rate of 0.15 2θ / min and the diffractogram was
background corrected to account for iron fluorescence.
53

Publication 2 - Results and Discussion
A tabletop microscope TM 3000 from HITACHI (Tokyo, Japan) was used for scanning electron
microscopy (SEM) images and EDX measurements of the samples.
4.3.4 Results and Discussion
Binding of the Chloride Ions During the Early Stages of Hydrolysis
Titrations performed at two different pH values are shown in Figure 1a. The graph displays the
amount of base that is required to maintain a constant pH level plotted versus the concentration
of added chloride ions (which correlates with the addition of iron(III)). It can be directly seen that
for pH 2.0 no hydrolysis occurs, while at pH 2.5, a significant, nonlinear consumption of hydroxide
ions is observed, which asymptotically approaches a linear progression. This behavior is the direct
consequence of the complex hydrolysis reactions occurring in aqueous iron(III) solutions above
ca. pH 2.2, whereas the ligand exchange of aquo- and chloro-ligands by hydroxo-ligands is
monitored throughout the reaction. This exchange results in the generation of protons, as
hydroxo-ligands are only accessible from the self-dissociation of water molecules, which is minor
at this pH level, and the remaining protons are neutralized by hydroxide titration so as to maintain
a constant pH.
Iron(III) oxy(hydr)oxide formation is based on hydrolysis, as it yields the precursors for two distinct
mechanisms of bridging iron complexes, i.e. olation and oxolation.[34, 99-100] The linear increase in
the hydroxide consumption during the very early stage of the reaction (asymptote in Figure 1a)
shows that the ligand exchange yields iron(III) complexes that contain not more than one
hydroxo-ligand per iron center. Quantitatively, one hydroxo-ligand is present only in 40% of all
iron(III) complexes during the early stage of the experiment. This is also consistent with a
maximum of one hydroxo-ligand per iron(III) ion for this early stage of the reaction. Bridging of
the iron(III) complexes via hydroxo-ligands (olation) cannot be traced by the titration
experiments, as no protons are generated or hydroxides consumed, and additional analyses are
required to evidence or rule out the presence of any such polymeric species. This will be subject
to other work. However, in any case, the deviation of the hydroxide consumption from the initially
linear slope at pH 2.5 is due to an increasing amount of protons produced upon hydrolysis. Thus,
it is evident that the reaction from this point on, i.e. starting with the first deviation from linear
behavior, produces species that exhibit an increasing hydroxo to iron(III) ratio (which is about 2.8
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at the end of the experiment). These species
start to differ significantly from the initial
iron(III) complexes containing only one
hydroxo-ligand per mononuclear iron(III)
center (and any potentially existing olation
polymers thereof). In principle, it can be (i)
the production of mononuclear iron(III)
complexes containing more than one
hydroxo-ligand; and / or (ii) a change in the
speciation of the bridges in polynuclear
olation complexes that may already exist. In
the latter scenario, oxolation - i.e., the
bridging of iron complexes via oxo-bridges can occur via either (iia) the release of a
proton from an existing olation bridge, or
(iib) the condensation of two iron(III)
centers, each of which contains one
hydroxo-ligand, and may or may not be part
of a polynuclear complex. While process (iib)
leads to the release of a water molecule that
cannot be seen in titration, it initially
requires the exchange of two hydroxoligands (as opposed to one for olation), and
both principle changes in reaction from
olation to oxolation (iia / b) will lead to an

Figure 1 | a) Titration data showing the amount of hydroxide ions
consumed in the hydrolysis reaction at pH 2.0 and 2.5 as indicated.
The added asymptote (blue dashed line) is a guide for the eye to
identify the change in hydrolysis as the first deviation from the
initially linear progression. The graphs represent individual
experiments; the reproducibility of the titration data is in general
very good as can be seen in Figure 3; b) Corresponding development
of the concentration of free chloride ions in the solution from
measurements with a chloride ion-selective electrode (ISE). The
total added amount, giving the theoretical chloride concentration, is
shown in black. The graphs for titrations at pH 2.0 (red) and 2.5
(blue) are averaged values from at least three individual titrations
(error bars display +/- 1-σ-standard deviations).

increasing production of protons, as observed experimentally. In this context it should be noted
that reaction path (iib) is based on close contact of two iron(III) complexes containing hydrocide
ligands, which applies to only 40% of the iron(III) ions with an all-over iron(III) concentration range
below 2 mM in the linear regime of the titration. Thus, while we cannot categorically exclude any
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oxolation via mechanism (iib) during this early stage of hydrolysis, it is rather unlikely to occur to
any significant extent in the linear regime of the titration curve.
The hydrolysis development can be contrasted with the measured concentration of free chloride
ions at both pH-values (Figure 1b), shown together with the theoretical concentration given by
all added chloride ions. The measurements at the two pH-values differ significantly from the
theoretical values. At pH 2.0, 5% of the added chloride ions cannot be detected in the solution,
as they are bound to the iron species, which, however, do not hydrolyze (Figure 1a). This gives a
ratio of bound chloride ions, i.e. chloro-ligands to iron(III) ions in the solution of about 0.25,
indicating that on average, about a quarter of the iron complexes present in non-hydrolyzing
solution contain chloro-ligands. At pH 2.5, a change in the development of the free chloride
concentration during the titration experiment is found.
The point at which the amount of bound chloride decreases coincides with the evident change in
hydrolysis reaction discussed above, within experimental accuracy. Since iron(III) and chloride
ions are continuously added, this leads to a decreasing Cl- /Fe3+ ratio. The fact that the change in
the free chloride concentration coincides with the change in the hydrolysis mechanism (Figure
1a) strongly suggests that this point correlates with the onset of oxalation. This is because our
data shows that within experimental accuracy, the hydroxo-ligand exchange, which initially yields
mononuclear iron(III) complexes containing a single hydroxo-ligand (or olation polymers thereof),
does not result in any release of chloro-ligands within experimental accuracy (asymptote in Figure
1a when contrasted with Figure 1b). This suggests a similar binding for aquo- and hydroxo-ligands
at the corresponding concentrations, and we argue that additional hydroxo-substitution at single
iron(III) centers (mechanism (i) discussed above) cannot explain the onset of chloro-ligand
release. The formation of oxo-bridges (mechanisms (iia) and (iib) discussed above), however, will
bring about a much stronger and hence less dynamic iron-oxygen-bridging, and from the point of
view of ligand binding strengths, the observed release of chloro-ligands relates to the dehydration
(release of aquo-ligands) upon condensation. This also confirms the findings of earlier studies,
which claim that chloride ions are expelled from the nascent mineral with proceeding reaction.[66,
74, 119]

In addition, our data strongly suggests that the chloride ions indeed remain in the
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complexes during all stages of hydrolysis, but that their partial expulsion begins with the onset of
oxolation processes.
Chloride Content of the Formed Precipitates

Figure 2 | a) Powder X-ray diffraction (P-XRD) scattering pattern of the isolated solid phase. The red labeled reflexes correspond
to akaganéite; b) Left: SEM image of the precipitate. The scale bar is 20 µm. Right: EDS result obtained from the region labeled
with the yellow circle.

Precipitates of titrations were isolated and characterized. Reflexes in the P-XRD diffraction
pattern clearly evidence the presence of akaganéite as can be seen in Figure a (the corresponding
reflexes are labeled by red diamonds). Drying effects from the isolation procedure cannot be
excluded, but by different drying methods (vacuum, 35 °C and freeze-drying) akaganéite was
obtained, indicating that drying effects play a minor role in this system, at least with respect to
akagenéite formation. EDX analyses (Figure b) enable an estimation of the chloride to iron(III)
ratio of 0.09 in the crystal structure. This is slightly higher than the reported chloride levels in
akaganéite crystals, which typically range from 2 to 7 mol-%.[22] However, it has to be noted that
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the value obtained here may be higher due to small amounts of NaCl in the sample. Nevertheless,
the analyses confirm akaganéite formation with incorporation of chloride ions into the crystal
lattice. When comparing this information to the titration experiments, our data indicate that the
composition of the species present during hydrolysis change throughout the proceeding reaction,
starting as complexes with a chloride to iron ratio of about 0.25, eventually resulting in akaganéite
with a much lower ratio of about 0.09. This strongly indicates that the suggested akaganéite
embryos[68, 143] can only occur significantly after the onset of the oxolation processes. Earlier
species contain distinctly more chloride, and therefore, very likely have a different structure than
the final akaganéite phase.
Influence of Chloride Ions on the Mechanism of Hydrolysis

Figure 3 | a) Comparison of the hydrolysis of iron(III) chloride (red) and iron(III) nitrate (black). The titration was carried out at pH
2.7. b) Titration data with different initial chloride concentrations at pH 2.5. The chloride concentration of the regular experiment
of 0.01 M (red) was increased by the addition of NaCl to 0.1 M (black).

The hydroxide consumption obtained from the titration data (see also Figure 1a) is a direct
measure for the reaction rates, and can thus be used to identify any possible influence of chloride
ions on the mechanism of hydrolysis. To that end, the titration experiment was carried out in the
absence of chloride ions, where the FeCl3 salt was replaced by FeNO3, and instead of HCl, nitric
acid was used. In another comparative experiment, the total chloride concentration of the
reaction solution was increased by the addition of 0.9 M NaCl to the starting solution. The titration
data of the experiments with different chloride concentrations are shown in Figure 3. It has to be
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noted that the difference between the titration data shown in Figure 3a and b derives from the
difference in pH and thus different hydroxide concentrations in the solution.
The data shows that the presence of the chloride ions has no influence on the reaction rate before
and after the change in hydrolysis mechanism (arguably onset of oxolation), as the titration curves
show the same behavior within the margin of error for all the investigated chloride
concentrations. However, we cannot exclude any significant influence of the chloride ions at
higher chloride- or iron(III)-concentrations. Nevertheless, the kinetics is not accelerated by an
increased concentration of chloride ions in this concentration range, contradicting the results
obtained by Dousma et al.[74] In that work, different behavior for the consumption of base was
observed depending on the presence and concentration of chloride ions, already in a much
smaller range of Cl- / Fe3+ ratios than investigated here. However, when compared to the titration
experiments presented herein, the concentration of the solutions used and their mixing rates
were significantly higher. This is problematic as homogeneous reaction conditions are crucial to
examine the early stages of the reaction.[31] This implies that mixing artefacts may compromise
the data of Dousma et al.[74]
4.3.5 Conclusion
This study shows that chloride ions actively bind to the earliest iron oxide precursors, but still play
a rather passive role throughout the hydrolysis reaction of iron(III). The titration data evidence
no influence on reaction rates, excluding any active chloride bridging of multinuclear iron
complexes - as opposed to earlier studies.[74] With chloride in a bridging position, an earlier onset
of oxolation, and with it, a change in kinetics of hydrolysis would be expected as the chloride
concentration increases, which is not observed (Figure 3). For the non-hydrolyzing solution at
pH 2.0, an equilibrium ratio of free chloride to iron(III) ions is maintained. The same binding is
observed within experimental accuracy for the early stages of the hydrolysis at pH 2.5, indicating
that mainly aquo-ligands are replaced by the added hydroxide, whereas the binding of aquo- and
hydroxo-ligands is similar at the corresponding concentrations. As opposed to pH 2.0, however,
the free chloride increases during the later stages of the reaction at higher pH (Figure 1). This
confirms not only that the chloride ions are displaced during the hydrolysis process; the data also
strongly suggests that this process coincides with the onset of the oxolation reaction. After this
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event, the portion of bound chloride remains constant, and the iron(III) to chloride ratio
decreases, as more and more iron(III) is hydrolyzed. This is very likely due to chloride ions being
entrapped in the evolving more rigid (oxolated) iron oxyhydroxide structure, and these ions
essentially end up as the chloride content in the final akaganéite mineral (Figure 2). It is intuitive
that the final chloride content depends on the specific kinetics of the process, and heterogeneous
mixing effects may account for the differing observations of Dousma et al.[74] Moreover, as the
composition of the earliest formed complexes significantly differs from that of the final solid, and
expulsion of chloride ions towards the final crystal arguably takes only place after the onset of
oxalation, akaganéite embryos[68, 143] cannot occur before the onset of oxolation.
Taken together, the directive role of chloride ions towards the formation of akaganéite most likely
arises from ordering processes within oxolated structures, which may be triggered by the
aggregation of oxyhydroxide clusters (that contain the chloride). The cluster-based formation
mechanism of iron oxyhydroxide is rather well established.[34,

40, 99]

we speculate that the

development of the tunnel structure of akaganéite is driven by the system’s continuing drive to
exclude chloride upon chluster aggregation and ongoing oxolation (i.e. dehydration), which is
thermodynamically preferred. However, it is kinetically hindered, if not impossible, owing to the
rigidity of the aggregating oxalate clusters containing the chloride, and the chloride ions inside of
an iron oxyhydroxide tunnel structure may be essentially conceived of as nanophase separation.
From this point of view, the structure of akaganéite may be a compromise between the
thermodynamics and kinetics of the process of iron hydrolysis in presence of chloride. Ultimately,
the formation of akaganéite would be due to the thermodynamically preferable binding of
chloride in the earliest iron oxyhydroxide precursors, as opposed to the final iron oxyhydroxide
phases.
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4.4 Publication 3: Polyaspartic Acid Facilitates Oxolation within Iron(III) Oxide PreNucleation Clusters and Drives the Formation of Organic-Inorganic Composites
4.4.1 Abstract
The interplay between polymers and inorganic minerals during the formation of solids is crucial
for biomineralization and bio-inspired materials, and advanced material properties can be
achieved with organic-inorganic composites. By studying the reaction mechanisms, basic
questions on organic-inorganic interactions and their role during material formation can be
answered, enabling more target-oriented strategies in future synthetic approaches. Here, we
present a comprehensive study on the hydrolysis of iron(III) in the presence of polyaspartic acid.
For the basic investigation of the formation mechanism, a titration assay was used,
complemented by microscopic techniques. The polymer is shown to promote precipitation in
partly hydrolyzed reaction solutions at the very early stages of the reaction by facilitating iron(III)
hydrolysis. In unhydrolyzed solutions, no significant interactions between the polymer and the
inorganic solutes can be observed. We demonstrate that the hydrolysis promotion by the polymer
can be understood by facilitating oxolation in olation iron(III) pre-nucleation clusters. We propose
that the adsorption of olation pre-nucleation clusters on the polymer chains and the resulting loss
in dynamics and increased proximity of the reactants is the key to this effect. The resulting
composite material obtained from the hydrolysis in the presence of the polymer was investigated
with additional analytical techniques, namely, scanning and transmission electron microscopies,
light microscopy, atomic force microscopy, zeta potential measurements, dynamic light
scattering, and thermogravimetric analyses. It consists of elastic, polydisperse nanospheres,
ca. 50-200 nm in diameter, and aggregates thereof, exhibiting a high polymer and water content.
4.4.2 Introduction
The numerous solid iron(III) (oxyhydr)oxides exhibit differing properties and are thus utilized in
various applications, e.g., ion exchange, sorption, or catalysis.[1,

29-30, 34]

They form via the

hydrolysis of iron(III) ions, and concomitant and/or subsequent oxolation, e.g., condensation of
the as-formed hydroxo-complexes, depending on the reaction parameters such as pH and
temperature. In many experimental settings, cluster- and particle-based pathways have been
observed for iron(III) oxide nucleation and growth.[34, 85, 105, 119] In the early stages of iron(III)
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hydrolysis, small species in the size range of 1-4 nm occur. Such polymeric clusters aggregate to
form the different crystalline materials.[31,

34, 85, 119]

It was recently proposed that iron(III)

(oxyhydr)oxide precipitation in such cluster-based pathways can be described within the notions
of the so-called pre-nucleation cluster (PNC) pathway.[40] In this model, in contrast to the classical
nucleation picture, thermodynamically stable, partly hydrolyzed iron(III) clusters constitute the
earliest precursors, which are highly dynamic, i.e., change connectivity and structure on time
scales typical for rearrangements in solution, and are thus considered equilibrium species
- solutes - of the homogeneous solution. According to this hypothesis, the event of phase
separation is characterized by a decrease in the dynamics of the PNCs, e.g., by the formation of
additional or stronger internal bonds. Dynamics slower than those in the solution then render
them a second, initially liquid phase, whereas the interfacial surface is characterized by the
transition from high (mother liquid) to slow dynamics (dense liquid nanodroplet). Driven by the
reduction of interfacial surface area, aggregation yields larger species, which ripen towards the
final stable or kinetically stabilized solid state structure. However, until recently, the speciation of
PNCs in the iron(III) oxide system and the mechanism underlying the change in dynamics as a
central event in phase separation have remained unknown; it was shown shortly that at low
driving force for phase separation (i.e., pH < ~3.0 and iron concentrations in the lower mM
regime), solute PNCs are clusters of Fe(OH)2+, i.e., olation polymers where the charge is most
likely balanced by spectator ions.[144] Due to the lability of the bonds connecting the iron(III)
centers,[100] the hydroxo-bridged olation PNCs are highly dynamic, and the phase separation event
is based on the onset of oxolation; the formation of strong and hence much less dynamic oxobridges within olation PNCs in the key event underlying the molecular mechanism of iron(III) oxide
nucleation.[144] Considering this, it is particularly interesting, if and how macromolecular additives
interact with the stable solute PNCs and influence the onset of oxolation, and with it, the phase
separation mechanism. It is known that polyaspartic acid (pAsp) interacts strongly with
precursors, intermediates, and final phases in various mineral systems during their nucleation. It
represents a very efficient nucleation inhibitor for calcium carbonate.[110-111] Furthermore, pAsp
is known to stabilize polymer induced liquid precursors (PILPs) in the CaCO3 system, which offer
great potential in bio-inspired materials chemistry.[145-146] Thus, the presence of PNCs in the
iron(III) oxide system makes the investigation of the interactions with pAsp highly interesting,
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especially in comparison with the pAsp CaCO3 system. Indeed, in the case of iron oxides, it is
known that additives, which can be spectator ions, small molecules, or macromolecules, have an
impact on size, morphology, and phase identity of iron(III) (oxyhydr)oxides.[29-30, 74, 124, 147-148] It is
obvious that the addition of polymers with functional groups that can interact with single ions,
complex solute precursors, intermediates, and solid phases will have an effect on the multistep
precipitation process. While numerous sugars and some complexing anions such as phosphate,
sulfate, or silicates retard the transformation of amorphous intermediates into crystals, other
additives, e.g. oxalic acid promote the formation of crystalline species.[147, 149-151] Further roles of
additives include the adsorption of precipitates to the additives, or the competition between
organic additives and Fe(OH)4- as ligands for growth sites in nascent nuclei.[29,

147, 152]

The

polyanion polyacrylic acid (PAA) was observed to form gels by complexing mononuclear iron(III)
chloro complexes.[152] It was argued that the polymer binds exclusively these monomeric FeCl2+
species by chelating them with two deprotonated carbonyl groups.[152] A comparison of the
iron(III)-pAsp system with a similar case of CaCO3-poly(styrene sulfonate) (PSS) seems promising
for a more comprehensive understanding of general additive effects on precipitation in mineral
systems. In the case of CaCO3-PSS, Ca2+ ions were found to bind strongly to the additive,
generating a localized critical supersaturation, finally inducing localized nucleation.[153] This
relates to the above-mentioned iron(III) (oxyhydr)oxide-PAA system,[152] suggesting that there
might be common mechanism of polyelectrolyte additives influencing distinct mineral systems
via the sequestration of single cations.
Studying the iron(III)-(oxyhydr)oxide-pAsp system is not only highly interesting to confirm or
refute this hypothesis but also a detailed physical chemical understanding of the effects of
polymeric additives on the iron oxide precipitation pathway during the pre-nucelation,
nucleation, and post-nucleation stages has not been achieved, while it is a pre-requisite for the
development of target-oriented synthetic strategies towards the generation of iron oxides with
advanced properties, and also new organic-inorganic hybrid materials. Such materials, so-called
composites, are built up from both organic and inorganic components that are combined in one
structure. Composite materials unite the properties of the soft and hard components and
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consequently exhibit properties that are distinct from those of the single constituents.[154] Due to
their potential numerous applications, iron oxide-polymers are of high interest.[20, 152, 155]
4.4.3 Experimental
General
All chemical were used as received: iron(III) nitrate nonahydrate (Sigma Aldrich, puriss. p.a., ACS
reagent, ≥98.0%), iron(III) chloride hexahydrate (Sigma Aldrich, puriss. p.a., ACS reagent, 98%102%), HCl (Merck, 0.1 M), NaOH (Merck, 0.1 M), NaCl (VWR, 99.9%), and HNO3 (Sigma Aldrich,
puriss. p.a., reag. Ph. Eur., ≥65%). The stock solutions of pAsp were obtained by dissolving
commercial Baypure© DS100 (MW = 1200 g/mol) and (MW = 1500-3800 g/mol) in Milli-Q water.
All solutions and dilutions were prepared with water of Milli-Q quality if not indicated otherwise.
Titration Assay
The hydrolysis was performed with an automated commercially available titration setup provided
by Metrohm (Filderstadt, Germany). The titration device (836 Titrando) which operates two
dosing units (800 Dosino) is operated with a commercial software (Tiamo 2.3) that controls the
dosing of the solutions. the dosing units allow dosing volumes in increments as low as 0.2 µl
through burette tips, which are equipped with special valves preventing the diffustion of solution
into (or out of) the titration reservoir. The pH values were measured utilizing an EtOH-Trode pH
electrode (Metrohm, 6.0269.100). The electrode was calibrated regularly using three pH buffers
(Mettler-Toledo) and the inner electrolyte, 3M KCl soltution (Merck), was refilled before each
titration. Turbidity measurements were carried out using a spectrosense turbidity sensor
(6.1109.110) equipped with a 610 nm laser. The titrations were performed at ambient
temperature of (22 ± 2)°C in 100 ml beakers. After every titration, the glassware and the
electrodes were cleaned with water of Milli-Q quality. In the titration experiments, a solution of
0.1M HCl iron(III) chloride hexahydrate in 0.1M HCl was added at a rate of 0.01 ml/min into 30 ml
of 0.01M HCl that was adjusted to the desired pH value by addition of the required amount of
0.05M NaOH prior to the titration. This pH value was kept constant throughout the titration by
automatic counter titration of 0.05M NaOH solution.
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Titration in the Presence of pAsp
Titrations in the presence of additives were carried out as described in the previous section, but
prior to titration, the desired amount of a stock solution of 0.25 g/l pAsp or 2.5 g/l L-aspartic acid
in water was added to the hydrochloric acid. The amount of pAsp was 0.05 g/l and pasp with a
molecular weight of 1500-3800 g/mol was used if not stated otherwise. Analysis of the composite
material was carried out on samples drawn at 550 s from the titration at pH 2.5, corresponding
to an iron(III) concentration between 0.26 and 0.3 mM if not stated otherwise. This point was
chosen as, according to the turbidity measurements, the composite materials of iron(III) oxide
and pAsp is just forming and no precipitation or significant hydrolysis of surplus iron(III) ions is
expected. It should be noted that without pAsp, the system is in the pre-nucleation equilibrium
stage at this pont, where no precipitation occurs (see Sec. III 4.4.4 and in the supplementary
material).
Dynamic Light Scattering (DLS) and Zeta Potential Measurements
Measurements of the zeta potential and of size distributions by DLS were carried out with a
Zetasizer Nano ZS (Malvern Instruments).
Atomic-Force Microscopy (AFM)
AFM images and force vs. distance measurements were obtained in situ with a Nanoscope VIII
(Bruker) and oxide sharpened silicon nitride probes (PNP-TR, k = 0.32 N/m, and tip radius <10 nm;
NanoWorld) on samples drawn from the titrations after 4800 s, i.e., at an iron(III) concentration
of 2.1-2.4 mM. These higher concentrations ensured that an adequate number of particles
attached to mica surfaces on which the sample was placed for imaging. Samples containing only
the polymer or obtained following titration in the absence of the pAsp were used as references.
Isolation of the Precipitate
The composite material was isolated for analyses from the titration assay. The solution was
centrifuged with a preparative ultracentrifuge at 30 000 rpm for 45 min and the resulting
sediment was freeze-dried.
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Electron Microscopy
Scanning electron microscopy (SEM) measurements were performed with a Zeiss CrossBeam
1540XB, and transmission electron microscopy (TEM) images were recorded employing a JEOL
JEM-2200FS microscope operating at 200 kV. The EDX spectra were obtained using a tabletop
microscope TM 3000 (HITACHI). For cryo-TEM, samples drawn at an iron(III) concentration of
0.4 mM at pH 2.6 were spread and blotted with a filter paper on lacey carbon filmed copper grids.
The resulting thin film was vitrified with liquid ethane at its freezing point by quickly plunging the
grids into it. Specimens were examined at temperatures around 90 K with a Zeiss/LEO EM922
Omega TEM also operating at 200 kV. For constant enhancement, zero-loss filtered images were
recorded at ΔE = 0 eV. Collected images were processed with a background-subtraction routine
and, where appropriate, a smoothing filter was applied to reduce noise. In the titrations for cryoTEM, FeCl3 x 6H2O was replaced by Fe(NO3)3 x 9H2O and accordingly HNO3 instead of HCl was
used.
Thermogravimetric Analysis (TGA) and XRD
TGA was performed in an oxygen atmosphere with a NETZSCH STA 449F3 Jupiter at a heating rate
of 10 K/min and a sample mass of 5.585 mg. XRD diffraction patterns were collected utilizing a
Bruker AXS D8 Advance diffractometer with a Göbelmirror PGM at a scan rate of 0.86 2θ/min
using Cu Kα radiation. To account for iron fluorescence, the data was background corrected.
Light Microscopy
The size of larger particle aggregates before and after rehydration was measured by light
microscopy. Particles adsorbed on a glass substrate from solution (µ-dish35 mm, high Glass Bottom,
ibidi, Martinsried, Germany) were dried in a N2 stream and subsequently rehydrated in a water
vapor saturated atmosphere. Transmitted light images using differential interference contrast of
particles were recorded on a Zeiss Axio Observer, using a 100x (1.46 NA) oil immersion objective,
a condenser set at 0.55 NA, and AxiocamMRm (Carl Zeiss Microscopy GmbH, Jena, Germany).
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4.4.4 Results and Discussion
Titration Assay
A central objective of this work is the
elucidation of the impact of pAsp on
the precipitation pathway and its
interaction

with

(oxyhydr)oxide

iron(III)

precursors.

A

titration setup providing slow mixing
conditions at low pH and iron(III)
concentrations
investigate
occurring

was

utilized

to

the

early

species

during

the

iron(III)

hydrolysis reaction with and without
pAsp or monomeric L-aspartic acid.
Figure 1 | Development of the transmission (arbitrary units, a.u.) of the
reaction solution in a titration experiment with increasing iron(III)
concentration. In the presence of pAsp, a distinct drop in transmission is
observed that could not be detected for the same concentration of the
monomer L-aspartic acid or in the absence of additives. An increase in
molecular weight leads to a more pronounced effect in the decrease of the
transmission of the solutions. All additive concentrations were 0.05 g/l.

The

different

additives

were

dissolved in 0.01M HCl to yield a
concentration of 0.05 g/l. Iron(III)
chloride solution was then slowly

added to each individual mixture, while the pH level was kept constant. The titration with the
same parameters but in the absence of additives served as a reference experiment. pAsp of two
different molecular weights (1200 g/mol and 1500-3800 g/mol) as well as the monomer L-aspartic
acid was investigated to explore the effects of polymer speciation, whereas also the effects of
varying additive concentrations were assessed. The titration was carried out at pH 2.5, and the
transmission of the reaction solution was monitored (Figure 1). In the presence of the polymers,
a distinct increase in the turbidity of the reaction solution occurs at very low iron concentrations,
which cannot be observed in the absence of the polymer, or in the presence of the monomer, Laspartic acid (note that in the additive-free case, the solution is in a pre-nucleation equilibrium
stage at this point, where the iron(III) concentration is very low, and iron oxides do not precipitate,
see Figure S1 of the supplementary material). The sudden clouding of the reaction solution in the
presence of pAsp indicates a phase separation event. This effect is more pronounced in the case
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of larger molecular weight of the polymer (Figure 1). In all cases, the mass concentration of the
additives is the same and thus the number of the moles of functional groups, so the mere
presence of the functional groups at the given pAsp concentration does not cause any
precipitation. Thus, it can be concluded that the chain length and possibly the structure of the
polymer is crucial for the clouding and may relate to salting out.
In order to gain insight into the mechanism causing the very early onset of precipitation in
presence of pAsp, as opposed to the reference experiment, the hydrolysis reaction was
monitored with the titration assay: Throughout the titration experiment, the pH value was kept
constant and the amount of NaOH solution that was required to maintain this constant pH value
was recorded. The amount of hydroxide ions that is titrated for keeping the pH constant reflects
the extent of the hydrolysis of iron(III), as the hydroxides are consumed by neutralization of the
protons generated in this process. The polymer is protonated to more than 90% (pKa = 3.65)[156]
at this pH level (i.e. between pH 2.0 and pH 2.7) and can thus be considered uncharged. As the
concentration of the additive and thus of its functional groups was very low (approx. 0.4 mM
carboxylic acid), the fraction of NaOH required for balancing any potentially occurring
deprotonation of the polymer was negligible given the concentration of the added base (10 mM
at pH 2.0 at 550 s).
In the absence of pAsp, no hydrolysis takes place at pH 2.0, and thus essentially no NaOH addition
is required for keeping the pH constant, but with increasing pH, progressively more hydroxide
ions are consumed and need to be replaced.[144] Figure 2 shows the molar ratio of reacted
hydroxide ions (obtained from the base consumption) and added iron ions, OH-/Fe(III), in the
presence of 0.05 g/l of pAsp 3800 at four different pH levels (pH 2.0, 2.3, 2.5 and 2.7).The
comparatively large error bars at pH 2.0, where no hydrolysis takes place, derive from the counter
titration of minor pH fluctuations caused by pH electrode tune-in, which gradually level off during
later times of the experiment, i.e., the error bars become much smaller with proceeding time
(thereby showing unambiguously that the extent of hydrolysis is negligible at pH 2.0[144]). At
higher pH values, the amount of hydroxide ions that are consumed during hydrolysis becomes
significant, and these pH changes lead to a much faster tune-in of the electrode signal, and
thereby, smaller error bars are obtained already in the early stages of the experiments.
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The progression of the OH-/Fe(III) ratio (Figure 2) is a measure for the extent of iron(III) hydrolysis,
even though it does not necessarily reflect the actual ratio in the formed material, as there is no
information on the localization of reacted iron(III) ions: an unknown fraction of the added iron(III)
ions can be present in the solution as dissolved and just partly hydrolyzed complexes, whereas
the iron present in precipitates may be fully hydrolyzed. The reference experiments without pAsp
show similar, constant, and low OH-/Fe(III) ratios. At pH 2.0, also no OH- is consumed (Figure 2a).
With increasing pH, the OH-/Fe(III) ratio increases to ~0.5 for pH 2.3 and pH 2.5 and up to 0.75 for
pH 2.7, which can be assigned to an increasing extent of hydrolysis with increasing pH.[144] In the
presence of pAsp, the dependency of the degree of hydrolysis on the pH value is even more
pronounced, and the OH-/Fe(III) ratio also differs significantly from the reference experiments,

Figure 2 | OH-/Fe(III) ratio during hydrolysis at different pH values. The dotted lines represent the reference experiments, which
do not contain additives, and the solid lines show titration data from hydrolysis in the presence of 0.05 g/l pAsp with a molecular
weight of 3800 g/mol. a) At pH 2.0, the curves show the same shape within the error bar while at b) pH 2.3, c) pH 2.5 and d) pH 2.7,
the OH-/Fe(III) ratio in the titration experiments with pAsp is significantly larger than in the reference experiments. The error bars
display ±(1-σ) standard deviations for 2 ≤ n ≤ 7 individual repetitions.
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but only if hydrolysis occurs;
there is no significant difference
for the experiment at pH 2.0 in
the presence and absence of
pAsp within experimental error,
and no precipitate is formed
(Figure 3). At higher pH values
and in the presence of pAsp,
however, a different behavior
can be observed. The OH-/Fe(III)
ratio increases in the beginning
of the iron(III) addition up to a
value of ~2, and then slowly
drops to a lower level. This level

Figure 3 | Development of transmission in a solution containing 0.05 g/l pAsp
(MW = 3800 g/mol) at different pH values.

becomes higher with increasing pH and ranges from ~0.5 at pH 2.3 to ~1.0 at pH 2.7 at 2000 s.
The higher OH-/Fe(III) ratio observed in presence of pAsp and at all investigated pH values higher
than 2.3 is evidence for a direct influence of the polyanion on the progress of iron(III) hydrolysis.
Interestingly, this is only the case of the pH-value of the solution is high enough for hydrolysis to
take place and thus not observed for pH 2.0. Hence, it can be concluded that the reaction is
facilitated by the additive and occurs at significantly lower iron(III) ion and hydroxide
concentrations, i.e., lower pH values, than in the absence of the polymer. The presence of partly
hydrolyzed species is fundamentally required for the effect to occur. Moreover, at a higher
concentration of the additive, the observed effect becomes larger (see Figure S2 of the
supplementary material). This suggests that the pAsp is used to capacity at this iron(III)
concentration. Consistently, during the later stages of the experiment, the presence of the
additive does not cause any significant effects, and the reactions with and without pAsp exhibit
practically identical profiles upon ongoing addition of iron(III) solution (see Figure S3 of the
supplementary material).
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As monomeric L-aspartic acid does not show any hydrolysis promotion (Figure 1 and Figure S4 of
the supplementary material), the influence of the molecular weight of pAsp was also examined.
The maximum OH-/Fe(III) ratio is larger than 2.0 for pAsp 1500-3800, while it is around 1.25 for
pAsp 1200. The level established during ongoing iron(III) addition, however, is approx. 1.0 for both
polymers (see Figure S2 of the supplementary material). When the adsorption capacity of the
polymer is saturated with inorganic species and iron(III) addition is continued, the OH-/Fe(III) ratio
subsequently decreases. Consistently, an increase in pAsp concentration leads to an increase and
broadening of the maximum OH-/Fe(III) ratio (see Figure S2 of the supplementary material).
Above pH 2.3 and with the same additive concentration, the maximum OH-/Fe(III) ratio is almost
equal (Figure 2b). For different molecular weights, a correlation between the magnitude of the
turbidity change upon hydrolysis and therefore between the amount of formed material and the
maximum OH-/Fe(III) ratio is observed (Figures 1 and 2). Since the maximum is established very
early on in the course of the experiment (Figure 2), this suggests that the mechanistic key step in
precipitation is initiated essentially with the first addition of iron(III) ions. It can be concluded that
the interactions between pAsp and hydrolyzed iron(III) species are progressively promoted. The
latter have been demonstrated to qualify as PNCs, which are dynamic iron hydroxide olation
polymers.[144] Significant interactions between mononuclear, non-hydrolyzed iron(III) species,
and the polyanion, on the other hand, do not occur and do not induce any precipitation. It is thus
likely that the production of HCl that was observed by Lindén and Rabek[152] during iron(III)
hydrolysis in the presence of PAA, and that was assigned to originate from PAA deprotonation
upon adsorption of mononuclear aquo/chloro complexes to PAA chains, was also due to a
promoted hydrolysis reactions of the iron(III) ions, since their experiments were carried out at pH
values up to 7.
Precipitate Characterization
Size Determination

The material that precipitated upon clouding was isolated and characterized with multiple
analytical techniques. Additionally, the reaction solution was analyzed with different in situ
analytics to provide insight into the structure and properties of the obtained precipitate in
solution. Transmission electron microscopy (TEM), scanning electron microscopy (SEM), in situ
71

Publication 3 - Results and Discussion

Figure 4 | a) TEM image of a drop of the sample, dried on the TEM grid. b) In situ AFM imaging of the reaction mixture. Particles
with a size range of 10-70 nm are clearly observed. c) SEM image of the isolated, freeze-dried material. All scale bars are 1 µm.

atomic force microscopy (AFM) (Figure 4), light microscopy imaging (see Figure S5 of the
supplementary material), and dynamic light scattering (DLS) (see Figure S6 of the supplementary
material) revealed the presence of polydisperse spherical particles in a size range of 10 nm to the
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µm range. Generally, the particle sizes observed using electron microscopy were between 20 and
1 µm, while the values determined with DLS (200 nm - 1 µm) or light microscopy (1.5 µm) were
somewhat smaller. In the case of the latter techniques, the resolution and contrast were
insufficient for the detection of smaller particles and to determine whether the structures consist
of aggregates, which are apparent in electron microscopy. It is therefore possible and likely that
the large sizes detected with DLS, as well as the structures observed in the light microscope are
in fact due to aggregates. Also, DLS is an in situ method while imaging with electron microscopy
requires isolation of the particles, including a drying process. Aggregation was also observed by
SEM, where the samples were freeze dried. TEM grids, in contrast, were prepared by placing a
drop of the solution on the grid and letting it dry under ambient conditions. Drying effects can
account for shrinking of the particles and thus explain the observation of smaller species on
average by this technique. In the case of in situ AFM, the sample is not affected by drying effects,
and particles in a size range of 10-70 nm are clearly observed (Figure 4b). We also observed that
a few particles especially larger ones
are not attached firmly on the mica
surface and get removed by the tip
during the scan (see Figure S7 of the
supplementary

material),

which

renders imaging of large precipitates
(>100 nm) with AFM impossible. For
cryogenic-TEM, drying effects are also
absent as samples are prepared by
rapid freezing in liquid ethane. In cryoTEM, the true diameter is difficult to
determine due to the low contrast in

Figure 5 | TGA curve of the composite material isolated after 550 s from
a titration carried out at pH 2.6.

frozen hydrated samples.
Composition of the Material

In situ analyses of the reaction solution on different surfaces indicate that the precipitate is
positively charged: the precipitate was observed on bare mica surfaces, which are negatively
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charged, but no material was
detected on mica that was
modified to carry a positive
charge using poly-lysine (see
Figure

S8

of

the

supplementary material). This
is

consistent

potential

with

zeta

measurements,

yielding 17.1 (±4.3) mV for the
particles. In situ distance-force
measurements give a Young’s
modulus of 520.73 ± 25.41 kPa
for the spheres. This value
demonstrates

that

the

deposited material is very soft,
lying in the same range as
gels,[157]

nanocomposite

diatom cells,[158] and human
tissues,[159] and thus provides
evidence for the presence of
pAsp within the material (see
Figure

S9

of

the

supplementary material). This
is further corroborated by
thermogravimetric
where

the

first

analysis,
observed

weight loss at temperatures
between 60 and 170 °C can be
assigned to a water content of

Figure 6 | Cryo-TEM images of partly hydrolyzed iron(III) salt in the presence of
polyaspartic acid with a molecular weight of 3800 g/mol. The in situ technique shows
similar features as seen in images obtained with SEM and TEM. Scale bar is 100 nm.
Possibly crystalline needles can be observed in the sample (between red arrows in b)).

6%-7% (Figure 5).
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Degradation of the pAsp causes a relative weight loss of about 49% in a temperature range of
190-240°C. This reveals the high polymer content of the material, explaining its softness and
shrinkage upon drying. Swelling experiments were conducted to determine whether the material
can be classified as a gel. For that purpose, the sample, dried with a nitrogen stream, was
examined by light microscopy and the size of selected particles of particle agglomerates were
measured. Subsequently, a drop of water was placed on the sample and images were taken every
half hour for 6 h.
It can be seen from the images and the size profiles prior to rehydration and after 6 h in water,
that no measurable change in size occurs (see Figure S5 of the supplementary material) and
hence, that the material is not a gel (there is no reversible swelling). Furthermore, crystallinity of
the composite material was examined by X-ray diffraction, as in cryo-TEM images, needles and
other seemingly crystalline particles can be observed (Figure 6). These crystals occur at stages of
iron(III) at which in the absence of additive, only reversible olation and ligand exchange reactions
take place (see Figure S2 of the supplementary material). The obtained diffraction pattern suggest
an amorphous structure; however, crystallinity may be missed due to their small size and number.
In any case, the formation of (potentially crystalline) particles is highly interesting as without
additive at a comparable concentration, no precipitates are formed at all.
4.4.5 Conclusion
The iron(III)-oxide-pAsp system represents another example for the distinct influence of a
polymeric additive on particle formation[111, 160] leading to the formation of a solid - composite phase. The polydisperse particles formed in the presence of pAsp during the earliest stages of the
hydrolysis reaction consist of both polymer and iron (oxyhydr)oxides and exhibit a slightly positive
charge while being comparatively elastic and soft. However, the inability of the composite to
reversibly swell and de-swell to larger and smaller sizes by rehydration and dehydration, all
respectively, shows that the material is not a gel. Within the polydisperse composite material,
iron (oxyhydr)oxide precipitates, which are potentially partially crystalline, are formed at very low
iron concentrations of 0.4 mM at pH 2.5. Titration experiments shed light on the mechanisms
underlying the additive effects. In non-hydrolyzed solutions at pH 2.0, the pAsp and the iron ions
do not form any composite material nor does the hydroxide uptake increase in comparison to the
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reference experiments not containing polymer. Only in solutions possessing higher pH-values and
therefore containing partly hydrolyzed olation PNCs,[144] the composite material forms. The
hydroxide consumption cannot be rationalized with deprotonation of the polyacid and is thus
assigned to a facilitated hydrolysis reaction. No precipitation at all is observed in the absence of
the pAsp at these stages. The polymer promotes the hydrolysis and condensation of iron(III)
(oxyhydr)oxide but does not induce these processes in non-hydrolyzed solutions. The interaction
between pAsp and iron(III) olation pre-nucleation clusters at higher pH levels is unlikely to result
from electrostatic interactions. The polymer chains barely carry any charge due to the low pH
value, and the zeta potential of the composite material determined here lies in the same range
as that of the PNCs in the system without additives.[144] The molecular weight of the pAsp has no
significant effect besides the formation of more material when a larger molecular weight is used,
but in presence of the monomeric L-aspartic acid, no precipitate is formed. This shows that the
functional groups alone do not account for hydrolysis promotion and thus precipitation. In fact,
the proximity and alignment of carboxyl functionalities along the polymer chains seem to be
crucial for the observed effects.

Figure 7 | Scheme illustrating the progression of hydrolysis in iron(III) systems without and in the presence of pAsp. With pAsp,
the onset of oxolation, which is the molecular basis of the event of phase separation in the iron(III) (oxyhydr)oxide system,[142]
can occur at much lower iron(III) concentrations and to a higher degree due to the adsorption of olation prenucleation clusters.
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It can be concluded that partly hydrolyzed olation PNCs[144] play a key role in the precipitation
pathway of iron(III) (oxyhydr)oxides and explain the effects of pAsp based on PNC-pAsp
interactions. We propose that the olation PNCs are adsorbed onto the pAsp, thereby facilitating
the ongoing hydrolysis towards oxolation. We suggest that this is due to the close proximity and
arrangement of the involved atoms, allowing for the occurrence of oxolation reactions within
PNCs at significantly lower iron(III) concentrations than in additive-free scenario (Figure 7).
Moreover, the adsorption of the olation PNCs on the pAsp chain prevents hydroxo-bridges from
breaking, thus providing optimal conditions for promoting the onset of oxolation, which is the
molecular basis for the phase separation event in this system.[144] Last but not least, it must be
noted that the rolse of pAsp in iron(III)-oxide formation is fundamentally different from the case
of calcium carbonate, where this additive is a strong inhibitor of nucleation and stabilizes liquid
intermediates.[110-111, 145-146] Polyanions that promote calcium carbonate formation, on the other
hand, seem to rely on the segregation of single calcium ions,[153] as opposed to the cluster-based
mechanism described here.
4.4.6 Supporting Information
Titration data

Figure S1 | a) Titration data from an experiment in the absence of pAsp, running over an extended period of time. The red arrow
represents the time point (550s) at which the composite material was isolated for material characterization. The vertical lines
indicate the time points at which the titration was stopped. b) Development of the pH value after stopping iron(III) addition. At
early time points, at which clouding was observed only in the presence of pAsp, the reaction is in an equilibrium in absence of pAsp,
which can be seen from the constant pH after stopping the iron(III) addition.[142]

To obtain information on the equilibrium state of the reaction, the titration experiment was
carried out as described in the experimental and run over an extended period of time. The iron(III)
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Figure S2 | a) OH-/Fe(III) ratio at different concentration of polyaspartic acid. The experiments were carried out at pH 2.6. b) OH/Fe(III) ratios for the experiment at pH 2.5 in the presence of pAsp with different molecular weights..

addition was stopped at different stages of the reaction and the subsequent pH development was
monitored. As can be seen in Figure S1, for reaction times of less than 7000 s, the pH value stays
constant, indicating that the reaction is in an equilibrium and no further hydrolysis takes place
without an increase in iron(III) concentration. At later stages of the reaction (after 9000 s), the pH
value decreases after stopping iron(III) solution addition, indicating an ongoing hydrolysis for
these reaction stages. This effect has been discussed in detail elsewhere.[144] In short, in the stages
during which on hydrolysis takes place when the iron(III) addition is stopped, the reaction is in an
equilibrium and phase separation cannot proceed. The only present species are solute
thermodynamically stable pre-nucleation clusters (PNCs). When the iron(III) addition is stopped
but the hydrolysis proceeds (the pH continuously drops), the reaction proceeds towards phase
separation. The red arrow in Figure S1 indicates the time point at which in the additive containing
experiments, samples were taken for characterization. It is located clearly in the very early
equilibrium stage of the hydrolysis reaction. At the time of isolation, however, the samples in the
presence of pAsp already exhibit a significant turbidity (Figure 1).
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Figure S3 shows a comparison of the
titrations with and without pAsp over
a longer time scale. The effects that
are discussed in this study take place
at very early times of the reaction as
the red circle indicates. It can be seen
that the further development of the
reaction does not depend on the
presence of pAsp, which can be
Figure S3 | Titration data of iron(III) hydrolysis over a longer time scale
without pAsp and with two different concentrations of pAsp with a molecular
weight of 1500-3800 g/mol. The relative changes on the titration data caused
by the additives are only significant during the very early stages of the
reaction (red circle).

assigned to its low concentration
suggesting

that

its

adsorption

capacity is saturated already after a
short reaction time.

Figure S4 shows the OH-/Fe(III) ratio in the presence of the monomeric species L-aspartic acid. A
comparison with a titration without any additives at the same pH value shows the same ratio and
no influence of the monomer on the hydrolysis behavior.

Figure S4 | OH-/Fe(III) ratio of the titration with the monomer L-aspartic acid in
comparison with a reference experiment not containing additive.
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Light Microscopy / Swelling Experiments

Figure S5 | Negatives of light microscope images of partly hydrolyzed iron(III) solution in the presence of polyaspartic acid. the
size of the particles is much higher than the ones obtained in electron microscopy, however, the resolution is not high enough to
determine, whether the observed structures are aggregates or single particles. The sample was dried under a stream of nitrogen,
and rehydrated in an incubator cell. a) Directly after the addition of water, b) after 360 minutes in water. The scale bars are 10 µm.
c) Exemplary profile of a selected particle before and after rehydration. The particle is marked with a red circle in a) and b). The
black vertical lines in c) are a guide for the eye for size determination. The particle profiles are y-stacked for sake of clarity. Several
particles were analyzed for size changes but no swelling could be detected.

Swelling experiments have been conducted to determine whether the material can be classified
as gel. After drying and subsequent re-swelling in water for six hours, the particles exhibit no
increase in size, as can be also seen in the particle profile.

Figure S6 | Size distribution of the particles obtained with DLS.
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AFM Experiments
AFM images were obtained in situ from
samples drawn from the titration. The sample
was placed on a mica surface. Samples
containing only the polymer and a titration in
the absence of pAsp were used as references.
In both cases no particles occurred.
The observed particles in the experiment are
relatively small in comparison to the sizes
obtained from DLS. By scanning larger areas of
the surface the earlier scanned square can be
identified because of a lower particle density
in this area (Figure S7a). Also, kick-off of
particles during the scanning process was
observed as shown in SI Figure S7b. It can be
assumed that the cantilever pushes away the
larger, less firmly attached particles by
tapping over the surface.
Figure S7 | AFM images from samples taken from the titration. a)
Earlier investigated area (within the red rectangle) shows lower
particle density. b) Particle gets removed from the surface by the
AFM tip during the scan.

As mica exhibits a slightly negative surface
charge, it was modified with polylysine to
obtain

a

positively

charged

substrate

(SI Figure S8). No material was adsorbed to the substrate, indicating a positive charge of the
particles. The pAsp can be considered uncharged due to the low pH value of the solutions. A
positive charge can be explained with the uptake of positively charged iron species.
Distance force measurements were carried out on six distinct particles. An exampe for
approaching and retracting curve is shown in Figure S9. The spring constant of the material is
0.3118 ± 0.008 N/m. The Young’s modulus was obtained using the following equation for a
parabolic tip:[161]
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where F is the force, E is the Young’s Modulus, v is the Poisson ratio, R is the radius of the tip, δ is
the indentation and δ0 is the contact point.

Figure S8 | Sample from the titration experiment on a mica surface
modified with polylysine for a positive surface charge.

Figure S9 | Distance-force measurements. The red line is the approaching, the blue line the retracting curve.
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The results presented in this thesis show that the nucleation in the iron(III) (oxyhydr)oxide system
cannot be described with CNT, but within the notions of the PNC pathway.[144] Already at early
stages of the hydrolysis reaction thermodynamically stable clusters are present.
It was possible to adopt the general pathway, i.e., the occurrence of the PNCs and the chemical
reactions underlying the mechanism for different systems. One general picture was drafted that
explains the preference of certain phases under different reaction conditions and describes the
mechanisms that direct the formation to the solid phases (Figure 8). This demonstrates
impressively the potential that comes to hand when understanding nucleation pathways. Utilizing
this knowledge, predictions on the behavior of the system can be made and syntheses can be
designed, yielding materials with desired properties.

Figure 8 | Schematic overview of the different mechanisms of iron(III) (oxyhydr)oxide nucleation in different systems. The general
pathway is described in mechanism A; Mechanism B depicts the pathway leading to akaganéite in the presence of chloride ions.
The formation of a composite material in the presence of pAsp is shown in mechanism C.
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In Figure 8, the general pathway (mechanism A) and its variation in the presence of chloride
(mechanism B) and of pAsp (mechanism C) is shown. For low iron(III) concentrations and low pH
values, i.e. at the early stages of the reaction, only highly dynamic species are present in the pure
inorganic iron(III) systems (mechanism A).[144] Aquo-, chloro- and hydroxo-ligands bind to the
mono- and polynuclear iron(III) complexes. The polynuclear species are bridged with comparably
labile hydroxo-bridges. The iron ions were found to quantitatively reside in these polynuclear
clusters. The equilibrium constant K of their formation was determined and found to be >>1,
resulting in ∆G = -RT lnK2 = -62.8 kJ/mol, proving their thermodynamic stability (equation (2) in
Chapter 2.1). From a physical chemical point of view they can be thought of as solute PNCs. The
phase separation event is induced by a change in reaction mechanism. The onset of the so-called
oxolation, the conversion of hydroxo-bridges to more stable and more rigid oxo-bridges leads to
a change in cluster dynamics and dehydration of the PNCs. The clusters become denser and
develop an interface. Subsequent to the onset of oxolation, the newly formed phase starts
aggregating and growing.
The role of chloride ions in the formation of akaganéite was investigated and is shown in
mechanism B in Figure 8.[124] In the earliest stages the chloride ions bind with a similar binding
strength as the aquo-ligands to the iron(III) complexes. Upon olation they get incorporated into
the PNCs. Simultaneously to the dehydration due to oxolation processes, the chloride ions are
removed from the structures. Due to their comparably high number and the progressively rigid
and less permeably oxo-bridged structure, the repulsion is incomplete. The remaining chloride
anions undergo a microphase separation within the iron(III) structure and form the tunnels that
are characteristic for akaganéite. This system serves as an excellent example of how small changes
in the parameters can significantly affect the outcome of the reaction. The resulting phase differs
in crystallinity, composition and a number of physical and chemical properties from ferrihydrite
which is obtained in the absence of chloride. All this can be boiled down to the changes that the
chloride ions induce in the structure of the PNCs due to their interactions with the earliest stages
of the system.
The model cannot only be applied to well-known and purely inorganic iron(III) systems, but it was
shown to be also valid for the description of a hydrolysis reaction containing pAsp.[162] The same
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complexes as in the other two system are present in the solution during the early stages.
However, the presence of the additive changes the picture significantly. They show an interaction
with the olation clusters, while the mononuclear complexes remain unaffected. The PNCs that
are loaded on the polymer experience a closer proximity to each other than they would in the
solution (cf. Figure 8, mechanism C). Moreover, an environment is provided in which the hydroxobridges that were formed during olation reactions are prevented from breaking. This results in a
very early onset of oxolation reaction at concentrations that, in the absence of pAsp, can strictly
be assigned to the pre-nucleation regime. The inorganic components hydrolyze within the
polymer structures and result in a novel composite material, consisting of both organic and
inorganic components, exhibiting interesting properties.
The experimental setup provides a powerful tool for the investigation of iron(III) (oxyhydr)oxide
nucleation. It can be used for the elucidation of a number of systems with which our
understanding can be deepened. For instance, by changing the temperature at which the reaction
takes place, further information on the thermodynamics of the chemical reactions olation and
oxolation will be accessible. With this knowledge further, more specific modifications of the
mechanism can be achieved. The high-temperature system is highly interesting as it yields the
highly crystalline hematite phase. Studying this system would provide insight into the origin of
the crystallinity. With an understanding of the impact of temperature on the mechanism concepts
on low-temperature hematite syntheses can be designed.
The composite that was obtained in the presence of pAsp shows properties that differ
significantly from those in the pure additive or iron(III) materials. Hence, they serve as promising
starting point. Having understood how the additive impacts the formation pathway of the
material, its synthesis can be optimized. On the basis of the findings, other additives or a
combination of additives could be introduced into the structure. With these building blocks and
the nucleation pathway serving as a construction manual provide the basis for a whole group of
materials.
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Altogether, it was shown how one comprehensive model that includes both, physical-chemical
processes as well as chemical speciation and reactions enables the understanding and possibly
the control of an entire system in different environments.
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This work provides an extensive study of the formation of solid iron(III) (oxyhydr)oxides from
aqueous solution. The phase separation process was examined, characterized and placed within
a physical-chemical framework. A mechanistic understanding of precipitation pathways and the
underlying chemical reactions enables us to direct and control the process itself. This is especially
interesting when it comes to the question of how the reaction can be altered, i.e., how ions and
additives influence this mechanism and thus the structure and properties of the products. A focus
is put on the early stages of the nucleation pathway, as the species occurring are the fundamental
precursors for the product of the synthesis.
For the investigation of the species occurring at the different stages, an experimental setup was
designed, and tailored for the very specific requirements of the iron(III) (oxyhydr)oxide system.
Hedström and Schneider suggested that any complex, that is, oligomeric or polymeric reaction
products, except the monomeric ones that are formed in the basic pre-equilibria involving iron(III)
and different ligands, result from heterogeneous nucleation processes. The titration setup used
herein provides the homogenous and reproducible reaction conditions by slow mixing of very
dilute solutions that are required to experimentally address this long-standing hypothesis. It also
provides access to the distinct pre- and post-nucleation stages of the reaction pathway. For the
analysis of these stages, two general strategies were applied. First, real-time in situ analytics were
used for monitoring changes in the reaction solution and assigning them to the different stages.
Second, samples were drawn at time points that had also been characterized with the real-time
analytics, and investigated with a number of additional offline analytical techniques. The latter
had to be optimized especially for the examination of the early stages of the precipitation
pathway. On the one hand, the occurring species are very difficult to analyze due to their small
size and their highly dynamic nature, while on the other hand, isolation effects have to be
minimized to obtain information on the solution state of the species. The requirements for the
analysis of the system were met by comparison with results from in situ analyses or reducing
isolation and/or drying effects, for instance, via cryo methods.
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The reaction is carried out at low, constant pH levels (pH 2.0 - 2.85). The uptake of hydroxide ions
upon hydrolysis leads to a net generation of protons that requires titration of NaOH solution in
order to maintain a constant pH level. Utilizing the titration setup, the NaOH consumption was
recorded and it was shown that the reaction involves two distinct, basic stages. In the first stage,
the reaction is in a pre-nucleation equilibrium, not proceeding without further increase of the
iron(III) concentration. Upon entering the second stage, however, iron(III) is continuously
hydrolyzed, even if the addition of iron(III) is stopped. There are different chemical reactions that
can take place during hydrolysis — ligand exchange, olation and oxolation. The exchange of aquoor chloro- by hydroxo-ligands from the iron(III) core occurs in the equilibrium reaction stage, and
can be measured directly via the base consumption during the titration experiment. The constant
ratio between added iron(III) and reacted hydroxide shows that 40% of the iron(III) ions in solution
carry a single hydroxo-ligand. A second possible reaction is the olation process. Here, multiple
iron(III) cores bridge via hydroxo-ligands. This process cannot be detected with the titration setup
alone, as no further protons are generated that would require pH counter-titration. As olation
processes result in polynuclear species, it was possible to confirm their presence by means of
cryo-TEM (cryogenic transmission electron microscopy), SAXS (small angle x-ray scattering) and
AUC (analytical ultracentrifugation). Rather polydisperse, 1 - 2 nm sized, spherical species were
detected in the pre-nucleation equilibrium stage. Their size, being significantly larger than what
is expected for mononuclear species, proves the formation of olation clusters during the earliest
stage of the hydrolysis reaction according to the notions of Flory polycondensation. These are
built up of the Fe(OH)2+ complexes, whereas the charge of the olation clusters is likely balanced
by counter ions. The logarithm of the equilibrium constant K2 for the formation of these
complexes is approximately log K2 = 11. Complementary AUC experiments show that the
polynuclear olation complexes quantitatively contain the bound iron(III) ions determined by
titration, that is, the equilibrium constant K2 represents an average for hydroxo-ligand exchange
and olation in all associated states in the clusters. This proves that the olation clusters are
thermodynamically stable (∆G = -RT lnK2 = -62.8 kJ/mol). Closer examination of the olation
clusters with SAXS and cryo-TEM reveal that the small species exhibit non-aggregative behavior
due to the — if anything — repulsive interactions. With the sizes obtained from these methods
and the sedimentation coefficient of 0.3 S obtained from the AUC experiments, the density of the
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clusters was determined. It was found to be within 1.055 - 1.16 g/mL, i.e., significantly lower than
the value of 3.96 g/mL reported for ferrihydrite. This points toward a high water content within
the cluster structure.
Upon leaving the pre-nucleation equilibrium stage, an increase in hydroxide consumption in the
pH titration can be assigned to the onset of oxolation reactions. This reaction results in oxobridged iron(III) cores. It proceeds either via the release of a proton from a hydroxo-bridge formed
by preceding olation, or via the condensation of two iron-cores each carrying a hydroxo-ligand.
Both possible processes can be observed with the titration setup. In the first case, the release of
the proton provides a direct measure, while in the case of condensation, two iron(III) cores need
to be hydroxylated, instead of one for the pure olation process. The change in the reaction from
olation to oxolation was also observed as a change in properties of the solution with a number of
additional analytics, including cryo-TEM, SAXS, UV-Vis spectroscopy, turbidity, and conductivity
measurements. The beginning of the second stage of the experiment is characterized by a curved
increase in base consumption due to the onset of oxolation — compared to the linear gradient
found in the pre-nucleation stage. Here, the reaction proceeds independent of the addition of
iron(III), strongly suggesting that the second stage constitutes a post-nucleation, off-equilibrium
stage. Cryo-TEM imaging reveals aggregation of post-nucleation clusters in the second stage,
which have a similar size as the olation clusters present in the pre-nucleation equilibrium stage.
The formation of larger connected structures via aggregation was further confirmed by a sudden
increase in turbidity. Also, a band in the UV-Vis spectra at 485 nm occurs simultaneously, and was
assigned to the formation of extended ferric species. Indeed, SAXS measurements reveal the
development of attractive interactions between the post-nucleation clusters. All these findings
point towards a change in speciation in the post-nucleation clusters, which arises from the change
in reaction mechanism, i.e. the onset of oxolation within the olation pre-nucleation clusters.
Conductivity measurements deliver insight into the state of the iron(III) ions. While the
conductivity of the pre-nucleation solution is in accord with the theoretical values calculated from
the known ion concentrations, the situation differs for the post-nucleation stages: With the onset
of oxolation, the experiment yields lower concentrations than expected from the calculations.

89

Summary
This can be explained with the disappearance of iron(III) ions from solution via uptake by a second
phase.
All of this enables the mechanistic assignment of the phase separation event at the onset of the
oxolation reaction. The olation clusters are built up from monomeric Fe(OH)2+ complexes that are
thermodynamically stable, entirely meet the criteria underlying the definition of pre-nucelation
clusters (PNCs). The olation PNCs are highly dynamic due to the lability of the hydroxo bridges,
and change connectivity and structure on timescales typical for rearrangements in solution. The
olation PNCs are thus solutes, as there is no interface. The bridging with oxo-units upon the onset
of oxolation within PNCs distinctly slows down their dynamics, due to stronger and less dynamic
bonds, rendering them post-nucleation clusters. The as-formed new phase continuously
dehydrates and the structure becomes more rigid. The interfacial surface between the postnucleation clusters and the solution is now characterized by a marked transition in dynamics, and
the reduction of the unfavorable interfacial surface area drives the observed aggregative
processes. These results highlight that nucleation is not governed primarily by a critical size, as
classical nucleation theorie (CNT) suggests, but rather by the dynamics of the species that are
forming at the distinct nucleation stages, that is, eventually, by the chemistry of the linkages
within the clusters. Altogether, the results show that the formation of iron(III) (oxyhydr)oxides
follows a route that is fully consistent with the notions of the so-called PNC pathway.
Iron(III) hydrolysis in the presence of chloride ions yields akaganéite, an iron oxyhydroxide mineral
with a tunnel structure stabilized by the inclusion of chloride. Yet the interactions of this anion
with the iron oxyhydroxide precursors occurring during the hydrolysis process, as well as its
mechanistic role during the formation of a solid phase, are debated. The newly established picture
of the nucleation pathway described above can be expanded and applied to this system in order
to explain akaganéite formation and the mechanistic role of the chloride anion. It could be shown
that the chloride ions bind as strong ligands to the complexes constituting the PNCs. Hydrolysis
leads to the binding of hydroxo-ligands, which mainly takes place via the replacement of aquoligands, while the chloride ions remain in the clusters. From this observation it can be concluded
that the binding strength of chloro-ligands exceeds that of aquo- and hydroxo-ligands, both of
which bind with a similar strength to the iron(III) ions. As a consequence of the phase separation
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event, a release of chloride ions can be observed. During the oxolation reactions that are the
molecular basis of the phase separation event, the chloro-ligands get progressively replaced by
newly formed oxo-bridges, as these bonds are much stronger. Nevertheless, a significant amount
of chloride ions remains within the structure, as due to their presence not only on the surface but
also within the clusters and due to the ongoing densification via oxolation, a complete release is
kinetically not possible. Instead, a microphase separation within the material is induced leading
to the characteristic tunnel structure of the precipitate. Therefore, the chloride ions in the
akaganéite structure must be considered as remnants from the early stages of precipitation, as
they do not influence the basic mechanism of the subsequent hydrolysis reactions. As it is, the
nucleation pathway of akaganéite can be described and understood within the general picture of
the nucleation of iron(III) (oxyhydr)oxides via PNCs.
The experimental setup and the knowledge and understanding of the system can be applied to
investigate new systems and the formation of novel phases. The addition of polyaspartic acid
(pAsp) into the hydrolysis reaction of iron(III) solution yields an organic-inorganic composite
material consisting of polydisperse spheres. Their sizes measured with DLS (200 - 1000 nm) and
light microscopy (1.5 µm) are larger than those obtained with electron microscopy
(20 - 1000 nm). The latter, however, reveals that the solid is built up from aggregates. Images
taken with in situ AFM show no particles larger than 70 nm on the substrate. This is due to the
weak attachment of the particles, especially of larger ones, i.e., these particles are removed by
the AFM-tip during scanning. Generally, the size of the particles can be determined to range
between 50 and 200 nm. The material is slightly positively charged, with a zeta potential of 17.1
(±4.3) mV. TGA measurements deliver insight into the composition and the material was found
to contain 6 - 7% water and 49% polymer. Both accounts for the softness of the particle, which
exhibit a Young’s modulus of 570.73 ± 25.41 kPa that was determined using distance-force
measurements. Using cryo-TEM imaging, very small, seemingly crystalline particles were
observed within the composite material. However, their existence could not be proven with Xray diffraction, which might be due to a rather small content of the crystalline phase.
The hybrid material was synthesized with the titration setup and thus an investigation of the
formation mechanisms of the composite was possible. The polymer pAsp was shown to strongly
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affect the progress of iron(III) hydrolysis. The titration data revealed an increased hydroxide
consumption in the presence of pAsp. The higher the pH value, the larger is the effect of the
additive and the more hydroxide ions with respect to added iron(III) ions are consumed (OH/Fe(III) ratio ~0.5 at pH 2.3 and ~1.0 at pH 2.7). At the same time, the reaction solution becomes
visibly turbid as the composite material is formed. However, this is only the case if hydrolysis
occurred in the first place. At a low pH value of 2.0 where no hydrolysis occurs in the absence of
additive, no hydrolysis is observed in its presence either. Moreover, the solution shows no
clouding and no composite material can be isolated. The impact of the polymer concentration
and the molecular weight was investigated. It was shown that an increase in concentration leads
to an increased effect and that thus pAsp is used up to capacity in the experiments. An increase
in molecular weight of the polymer leads to an increase in the amount of formed material.
Generally, the precipitation of the composite material happens at the very early stages of the
reaction. In the hydrolysis reaction without pAsp, only olation PNCs are present at this stage. It
can thus be concluded that the influence of the polymer relies on it interaction with PNCs. The
adsorption of PNCs onto the pAsp and their subsequent promoted oxolation already at low
concentrations due to their close proximity and a stabilization of the hydroxo-bridges was
suggested as an underlying mechanism.
This thesis presents a novel and comprehensive model describing the precipitation pathway of
iron(III) (oxyhydr)oxides in different systems. It explains how different parameters influence the
formation of solid products and describes the underlying mechanisms and reactions. The
mechanisms leading to well-known phases were investigated and successfully applied to the
generation of a new organic-inorganic hybrid system. The developed model serves as a road map
towards specific phases enabling a better orientation in the highly complex and wide-ranging
world of iron(III) (oxyhydr)oxides.
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Die vorliegende Arbeit beschreibt eine ausführliche Untersuchung der Bildung fester Eisen(III)
(Oxyhydr)oxide aus wässrigen Lösungen. Die Phasentrennung wurde untersucht, charakterisiert
und in ein physikalisch-chemisches Modell eingeordnet. Durch das Verständnis der mechanistischen Abläufe während der Fällung und der zu Grunde liegenden chemischen Reaktionen, wird
ein gerichtetes und kontrolliertes Eingreifen in den Prozess ermöglicht. Von besonderem Interesse ist dies im Falle eines veränderten Reaktionspfades, also in Bezug auf die Frage, wie Ionen
und Additive den Mechanismus und damit die Struktur und die Eigenschaften der Produkte beeinflussen. Ein besonderer Schwerpunkt der Arbeit liegt auf den in den frühen Phasen des
Nukleationsmechanismus auftretenden Spezies, da diese als die wesentlichen Vorstufen des
Reaktionsprodukts aufgefasst werden können.
Für die Untersuchung der in den verschiedenen Reaktionsstufen auftretenden Spezies, wurde ein
experimenteller Aufbau entwickelt, der auf die sehr speziellen Anforderungen des Eisen(III) (Oxyhydr)oxidsystems zugeschnitten ist. Die Arbeiten von Hedström und Schneider legen nahe, dass
die Bildung aller oligomeren und polymeren Komplexe, die sich in den grundlegenden Gleichgewichtsreaktionen aus Eisen(III) und verschiedenen Liganden bilden, mit Ausnahme der monomeren Spezies, auf heterogene Nukleationsprozesse zurückzuführen sind. Das hier verwendete
Titrationsexperiment ermöglicht durch die sehr langsame Mischung stark verdünnter Lösungen
homogene und reproduzierbare Reaktionsbedingungen, die für die Untersuchung dieser altbekannten Hypothese notwendig sind. Zudem wird der Zugang zu den einzelnen Prä-und Postnukleationsstadien des Reaktionspfades ermöglicht. Für die Untersuchung dieser Stadien wurden
zwei unterschiedliche Strategien angewandt. Zum einen wurden Echtzeit-in situ-Analytiken verwendet, um Änderungen in der Reaktionslösung zu beobachten und sie den verschiedenen
Reaktionsstadien zuzuordnen. Zum anderen wurden Proben zu den mit in situ-Analytiken identifizierten Zeitpunkten entnommen und mit einer Anzahl zusätzlicher externer Analytiken untersucht. Diese mussten speziell für die Untersuchung der frühen Stadien des Fällungsprozesses optimiert werden. So sind die auftretenden Spezies zum einen aufgrund ihrer geringen Größe und
ihrer hochdynamischen Eigenschaften schwer zu untersuchen, während außerdem Isolierungseffekte minimiert werden müssen, um Aufschluss über den Zustand der Spezies in der Lösung zu
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erhalten. Diese Anforderungen konnten durch einen Vergleich der Ergebnisse mit denen der in
situ Techniken und die Reduzierung von Isolierungs- und/oder Trocknungseffekten, beispielsweise durch die Anwendung von cryo Methoden erfüllt werden.
Die Reaktion wurde bei niedrigen, konstanten pH-Werten (pH 2,0 – 2,85) durchgeführt. Die Aufnahme von Hydroxidionen aufgrund von Hydrolysereaktionen führt zu einer Freisetzung von Protonen, wodurch NaOH Titration notwendig wird, um den pH Wert konstant zu halten. Mit Hilfe
des Titrationsaufbaus wurde der NaOH Verbrauch aufgezeichnet und es konnte gezeigt werden,
dass die Reaktion aus zwei unterschiedlichen Reaktionsstadien besteht. Im ersten Stadium befindet sich die Reaktion in einem Pränukleationsgleichgewicht, in dem die Reaktion ohne eine
Erhöhung der Eisen(III) Konzentration nicht weiter abläuft. Mit dem Eintritt in das zweite Stadium
jedoch, verläuft die Eisen(III) Hydrolyse auch ohne weitere Zugabe von Eisen(III). Prinzipiell
können während der Hydrolyse verschiedene chemische Reaktionen stattfinden — Ligandenaustausch, Olation und Oxolation. Der Austausch von Aquo- oder Chloro- durch Hydroxoliganden an
den Eisen(III) Zentren findet in dem ersten Stadium statt, in dem sich die Reaktion im Gleichgewicht befindet und kann direkt durch den Verbrauch der Base während des Titrationsexperiments
gemessen werden. Das konstante Verhältnis zwischen zugegebenen Eisen(III) Ionen und reagiertem Hydroxid zeigt, dass 40% der Eisen(III) Ionen in Lösung einen einzigen Hydroxo-Liganden tragen. Eine zweite mögliche Reaktion ist der Olationsprozess. Hier verbrücken mehrere Eisen(III)
Zentren über Hydroxo-Liganden. Dieser Prozess kann nicht alleine mit dem Titrationsaufbau
detektiert werden, da hierbei keine Protonen freigesetzt werden, wodurch keine pH-Gegentitration notwendig ist, um den pH Wert konstant zu halten. Da Olation die Bildung polynuklearer
Spezies zur Folge hat, konnte dieser Prozess mit Hilfe von cryo-TEM (cryogene Transmissionselektronenmikroskopie), SAXS (Kleinwinkel-Röntgenstreuung, engl. small angle x-ray scattering)
und AUC (analytische Ultrazentrifugation, engl. analytical ultracentrifugation) nachgewiesen werden. Während der Pränukleations-Gleichgewichtsphase der Reaktion wurden eher polydisperse,
1 – 2 nm große, sphärische Spezies detektiert. Diese Größe ist deutlich größer als für mononukleare Spezies zu erwarten wäre und beweist eine Bildung von Olationsclustern, während der
frühesten Stadien der Hydrolyse, die mit dem Flory Polykondensationsmodell beschrieben wer-
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den kann. Diese Cluster sind aus Fe(OH)2+ Komplexen aufgebaut deren Ladung höchstwahrscheinlich durch Gegenionen ausgeglichen wird. Der Logarithmus der Gleichgewichtskonstante K2
für die Bildung dieser Komplexe liegt bei ungefähr log K2 = 11. Ergänzende AUC Experimente zeigen, dass die gebundenen Eisen(III) Ionen, die durch die Titrationsexperimente bestimmt wurden,
quantitativ in den polynuklearen Olationskomplexen vorliegen. Damit beschreibt die ermittelte
Gleichgewichtskonstante K2 sowohl den Hydroxoligandenaustausch als auch die Olation der
Cluster. Damit kann die thermodynamisch Stabilität der Olationscluster gezeigt werden (∆G = -RT
lnK2 = -62,8 kJ/mol). Eine nähere Untersuchung der Olationscluster mit SAXS und cryo-TEM zeigt,
dass ihr nicht-aggregatives Verhalten auf wenn überhaupt vorhandenen, dann repulsiven
Wechselwirkungen zwischen den Spezies beruht. Mit den Größen die aus diesen Methoden
erhalten wurden und dem Sedimentationskoeffizienten von 0,3 S, der aus den AUC Experimenten
hervorgeht, konnte die Dichte der Cluster auf 1,055 – 1,16 g/mL bestimmt werden. Dieser Wert
ist deutlich geringer als der in der Literatur beschriebene Wert von 3,98 g/mL für Ferrihydrit, was
auf einen hohen Wassergehalt in der Clusterstruktur hindeutet.
Der Anstieg des Hydroxidverbrauches mit dem Verlassen des Pränukleationsgleichgewichts, kann
dem Beginn von Oxolationsreaktionen zugeschrieben werden. Durch diese Reaktionen entstehen
oxo-verbrückte Eisen(III) Zentren. Diese Reaktion verläuft entweder über die Freisetzung des Protons einer Hydroxo-Brücke, die zuvor durch Olation entstanden ist oder über die Kondensation
zweier Eisen(III) Zentren mit Hydroxoliganden. Beide möglichen Prozesse können mit dem
Titrationsaufbau beobachtet werden. Im ersten Fall ermöglicht die Freisetzung des Protons eine
direkte Messung, während im Falle der Kondensation zwei Eisen(III) Zentren einen Ligandenaustausch durchlaufen müssen, wodurch sich die Reaktion vom einfachen Ligandenaustausch, der
für eine Olationsreaktionen notwendig ist, unterscheidet. Der Übergang von Olation zu Oxolation
wurde außerdem durch eine Änderung der Lösungseigenschaften mit einer Reihe zusätzlicher
analytischer Methoden, wie cryo-TEM, SAXS, UV-Vis Spektroskopie, Trübungs- und Leitfähigkeitsmessungen beobachtet. Der Beginn des zweiten Reaktionsstadiums des Experiments ist durch
einen gekrümmten Anstieg des Basenverbrauchs aufgrund von einsetzenden Oxolationsreaktionen gekennzeichnet —dieser unterscheidet sich deutlich von dem linearen Verhalten, das
in den Pränukleationsphasen beobachtet wurde. In diesem zweiten Stadium verläuft die Reaktion
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auch ohne die Zugabe von weiteren Eisen(III) Ionen fort. Dies deutet darauf hin, dass es sich hier
um ein Postnukleationsstadium handelt, welches sich nicht im Gleichgewicht befindet. Cryo-TEM
Aufnahmen zeigen die Aggregation der Postnukleationscluster, deren Größe vergleichbar mit der
der Olationscluster im Pränukleationsgleichgewicht ist. Die Bildung größerer vernetzter Strukturen durch Aggregation konnte zudem durch eine plötzliche Trübung der Reaktionslösung bestätigt werden. Das gleichzeitige Entstehen einer Bande im UV-Vis Spektrum bei 485 nm wurde
auf die Bildung ausgedehnter Eisen(III) Spezies zurückgeführt. Tatsächlich bestätigen SAXS
Messungen eine attraktive Wechselwirkung zwischen den Postnukleationsclustern. Zusammengenommen deuten diese Ergebnisse auf eine Strukturänderung innerhalb der Postnukleationscluster hin, die durch eine Änderung der zu Grunde liegenden Reaktionsmechanismen, d.h. durch
den Beginn von Oxolationsreaktionen innerhalb von Olationsclustern hervorgerufen wird. Leitfähigkeitsmessungen ermöglichen einen tieferen Einblich in das System. Während die Leitfähigkeit in der Pränukleationslösung mit den theoretischen Werten übereinstimmt, zeigt sich für die
Postnukleationsstadien ein anderes Bild: Mit dem Beginn der Oxolationsreaktionen liegen die
Messwerte deutlich unter den erwarteten berechneten Werten. Dieses Phänomen kann durch
den Übergang der Eisen(III) Ionen in eine zweite Phase erklärt werden.
Zusammengenommen ermöglichen die hier beschriebenen Ergebnisse eine mechanistische Zuordnung der Phasentrennung zum Beginn der Oxolationsreaktion. Die Olationscluster bestehen
aus monomeren Fe(OH)2+ Komplexen und sind thermodynamisch stabil, womit sie die Kriterien
zur Einordnung als Pränukleationscluster (PNCs, engl. pre-nucleation cluster) erfüllen. Die Olations PNCs sind aufgrund der labilen Hydroxo-Verbrückung hochdynamisch und ändern Struktur
und Verbrückung innerhalb von Zeitskalen, die typisch für Lösungen sind. Sie werden daher als
gelöste Spezies betrachtet, da sie keine Grenzfläche besitzen. Die Verbrückung mit Oxo-Einheiten,
die mit dem Beginn der Oxolation einsetzt, setzt durch die stärkere, weniger bewegliche Bindung
die Dynamik der PNCs deutlich herab, wodurch diese zu Postnukleationsclustern werden. Die auf
diese Weise gebildete neue Phase dehydriert kontinuierlich, woduch ihre Struktur erstarrt. Die
Grenzfläche zwischen den Postnukleationsclustern und der zeichnet sich nun durch einen deutlichen Unterschied in der Dynamik aus und die Reduzierung ungünstiger Oberflächen stellt die
Triebkraft für die beobachteten Aggregationsprozesse dar. Diese Ergebnisse unterstreichen die
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Tatsache, dass Nukleation nicht in erster Linie durch das Erreichen einer kritischen Größe hervorgerufen wird, wie in der klassischen Nukleationstheorie (CNT, engl. classical nucleation theory)
postuliert, sondern dass sie vielmehr auf der Dynamik der gebildeten Spezies und damit auf der
Natur der chemischen Bindungen innerhalb der Cluster beruht. Zusammenfassend zeigen diese
Ergebnisse, dass der Bildung von Eisen(III) (Oxyhydr)oxiden ein Mechanimus zu Grunde liegt, der
vollständig in Übereinstimmng mit dem so genannten PNC Mechanismus ist.
Sind bei der Hydrolyse von Eisen(III) Chloridionen anwesend, so bildet sich Akaganéite, ein Eisenoxyhydroxid mit einer Tunnelstruktur, welche durch den Einbau von Chloridionen stabilisiert wird.
Allerdings ist sowohl die Wechselwirkung des Anions mit den Eisenoxyhydroxidpräkursoren, als
auch seine mechanistische Rolle während der Bildung der festen Phase, umstritten. Das neu erarbeitete, oben beschriebene Modell des Nukleationsmechanismus kann erweitert und auf dieses
System angewandt werden, um die Akaganéitbildung und die mechanistische Rolle des Chloridions aufzuklären. Es konnte gezeigt werden, dass die Chloridionen als starke Liganden an die Komplexe binden, aus denen die PNCs aufgebaut sind. Die Hydrolyse der Komplexe bedingt die Bindung von Hydroxoliganden, die hauptsächlich durch einen Austausch von Aquoliganden stattfindet, während die Chloridionen in den Clustern verbleiben. Diese Beobachtung lässt den Schluss
zu, dass die Bindungsstärke der Chloroliganden deutlich über der der Aquo- und Hydroxoliganden
liegt, welche untereinander eine ähnliche Bindungsstärke aufweisen. Mit dem Einsetzen der
Phasenseparation kann eine Freisetzung von Chloridionen beobachtet werden. Während der
Oxolationsreaktionen, die die molekulare Basis der Phasenseparation darstellen, werden die
Chloroliganden Stück für Stück durch neu entstehende, stärkere Oxo-Brücken verdrängt. Nichtsdestotrotz verbleibt eine nicht unbedeutende Menge an Chloridionen innerhalb der Strukturen,
da sie sich nicht nur auf der Oberfläche, sondern auch im Innern der Cluster befinden und ihre
komplette Freisetzung durch die Verdichtung, die die Oxolation zur Folge hat, kinetisch gehindert
ist. Stattdessen findet eine Mikrophasenseparation innerhalb des Materials statt, wodurch die
charakteristische Tunnelstruktur des Fällungsproduktes erzeugt wird. Aufgrund dieser Erkenntnisse müssen die Chloridionen, die in der Akaganéitstruktur zu finden sind, als Überbleibsel der
frühen Reaktionsstadien betrachtet werden, da sie die grundlegenden Mechanismen der späteren Hydrolysereaktionen nicht verändern. So kann der Nukleationsmechanismus des Akaganéits
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innerhalb des allgemeinen PNC Modells für Eisen(III) (Oxyhydr)oxidnukleation beschrieben und
verstanden werden.
Der experimentelle Aufbau sowie das Wissen und Verständnis des Systems kann angewandt werden, um neue Systeme und die Bildung neuartiger Phasen zu untersuchen. Durch die Zugabe von
Polyasparaginsäure (pAsp) zur Hydrolyse einer Eisen(III) Lösung wird ein organisch-anorganisches
Kompositmaterial erhalten, das aus polydispersen sphärischen Partikeln besteht. Die Größe der
Partikel wurde mit DLS (200 – 1000 nm), Lichtmikroskopie (1,5 µm) bestimmt. Die Größen, die
mittels Elektronenmikroskopie erhalten wurden, waren etwas kleiner (20 - 1000 nm). Aus den
dort erhaltenen Aufnahmen kann jedoch geschlossen werden, dass es sich bei dem Feststoff um
ein Aggregat handelt. Mit AFM Untersuchungen konnten nur Partikel unterhalb 70 nm auf dem
Substrat detektiert werden. Dies kann mit der schwachen Anbindung, besonders der größeren
Partikel erklärt werden, die diese während des Abrasterns durch die AFM Spitze vom Untergrund
abgelöst wurden. Allgemein konnte die Größe der Partikel auf einen Bereich zwischen 50 und
200 nm bestimmt werden. Das Material ist leicht positiv geladen und weist ein Zetapotential von
17,1 (±4,3) mV auf. Mit den Ergebnissen aus TGA Messungen lassen sich Aussagen über die
Zusammensetzung treffen. Es konnte ein Wassergehalt von 6 - 7% und ein Polymergehalt von
49% festgestellt werden. Beides kann als Ursache für die Weichheit der Partikel angenommen
werden, deren Young Modul von 570,73 ± 25,41 kPa mit Hilfe von Abstands-Kraft-Messungen
bestimmt wurde. Während in cryo-TEM Aufnahmen sehr kleine, scheinbar kristalline Partikel
innerhalb des Kompositmaterials beobachtet werden konnten, konnte deren Existenz nicht mit
Röntgenbeugung bestätigt werden. Dies lässt sich möglicherweise mit dem geringen Anteil der
kristallinen Phase erklären.
Da das Hybridmaterial mit dem Titrationsaufbau synthetisiert wurde, ist eine Untersuchung des
Bildungsmechanismus möglich. Es wurde gezeigt, dass das Polymer pAsp einen deutlichen Einfluss auf den Verlauf der Eisen(III)hydrolyse hat. Die Titrationsdaten verdeutlichen den gesteigerten Hydroxidverbrauch in Gegenwart der pAsp. Je höher der pH Wert, desto größer ist der Einfluss
des Additivs und umso mehr Hydroxidionen werden im Hinblick auf zugegebene Eisen(III)ionen
verbraucht (OH-/Fe(III) Verhältnis ~0,5 bei pH 2,3 und ~ 1,0 bei pH 2,7). Gleichzeitig trübt sich die
Reaktionslösung durch die Bildung des Kompositmaterials sichtbar. Dies ist jedoch nur der Fall für
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Reaktionslösungen, in denen Hydrolyse stattfindet. Bei einem niedrigen pH Wert von 2,0, bei dem
in Abwesenheit des Additivs keine Hydrolyse zu beobachten ist, findet auch in dessen Anwesenheit keine Hydrolyse statt. Zudem zeigt sich hier keine Trübung und es kann auch kein Material
isoliert werden. Zusätzlich wurde der Einfluss der Polymerkonzentration und des Molekulargewichts des Polymers untersucht. Es konnte gezeigt werden, dass eine Erhöhung der Konzentration
einen verstärkten Effekt hervorruft und dass daher davon ausgegangen werden kann, dass die
pAsp vollständig in der Reaktion verbraucht wird. Eine Erhöhung des Molekulargewichts zeichnet
sich durch verstärkte Materialbildung aus. Die Fällung des Kompositmaterials findet während der
frühen Stadien der Reaktion statt. In den Hydrolysereaktionen, die keine pAsp enthalten, sind zu
diesem Zeitpunkt ausschließlich PNCs vorhanden. Es kann daher geschlossen werden, dass der
Einfluss des Polymers auf seiner Wechselwirkung mit den PNCs beruhen. Die Adsorption von PNCs
auf die pAsp und die anschließende, durch die Nähe und Stabilisierung der Hydroxobrücken
begünstigte Oxolation bei niedrigen Konzentrationen wurde als mechanistische Grundlage für die
Kompositbildung vorgeschlagen.
Diese Arbeit beschreibt ein neuartiges und umfassendes Modell, welches den Fällungsmechanismus von Eisen(III) (Oxyhydr)oxiden in verschiedenen Systemen erklärt. Mit Hilfe dieses Modells
können die Einflüsse verschiedener Parameter auf die Bildung des Feststoffes erklärt und die zu
Grunde liegenden Mechamismen und Reaktionen beschrieben werden. Die Mechanismen zur Bildung bekannter Phasen wurden untersucht und erfolgreich auf die Bildung eines neuen
organisch-anorganischen Hybridmaterials angewandt. Das in dieser Arbeit entwickelte Model
dient als eine Orientierung auf dem Weg zu verschiedenen, bestimmten Phasen in der hochkomplexen und breitgefächerten Welt der Eisen(III) (Oxyhydr)oxide.
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9.1 Abbreviations
°C

degree Celsius

ΔH

reaction enthalpy

ΔG

Gibb’s energy

ΔS

entropy

µL

microliter

µm

micrometer

µS

microsiemens

λ

wavelength

θ

incident angle of the beam

AFM

atomic-force microscopy

ai

activity of ion i

AUC

analytical ultracentrifugation

cf.

confer

Cl-

chloride ion

cm

centimeter

CNT

classical nucleation theory

cryo-TEM

cryogenic transmission electron microscopy

Cu

copper

d

spacing of the diffraction planes

deg.

degree

EDX

energy dispersive X-ray spectroscopy

et al.

et alia

E

measured potential

E0

standard potential of the electrode

EXAFS

extended X-ray absorption fine structure
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Fe(III)

ferric ion

Fe(III)aq

dissolved ferric ion

Fe(NO3)3

ferric nitrate

FeCl3

ferric chloride

Fe(OH)2+

partly hydrolyzed iron(III) complex with one
hydroxo-ligand

fi

activity of the ion i

g

gram

H2O

water

HCl

hydrochloric acid

I

ionic strength

i.e.

id est

ISE

ion-selective electrode

J

Joule

K

Kelvin

K1 and K2

equilibrium constants of the olation reaction

KCl

potassium chloride

kJ

kilo Joule

KNO3

potassium nitrate

log

logarithm

M

molar

mg

milligram

min

minute

mm

millimeter

mM

millimolar

mmol

millimol

mol-%

molar percentage

mV

millivolt

Mw

mass average molar mass

n

positive integer
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NaCl

sodium chloride

NaOH

sodium hydroxide

nm

nanometer

OH-

hydroxide ion

pAsp

polyaspartic acid

PEEK

polyether ether ketone

PNC

pre-nucleation clusters

PO43-

phosphate ion

puriss. p.a.

purissimum pro analysi

P-XRD

powder X-ray diffraction

R

gas constant

reag. ISO

reagent

International

Organization

Standardization
reag. Ph. Eur.

reagent European Pharmacopoeia

Rg

gyrodynamic radius

Rh

hydrodynamic radius

rpm

revolutions per minute

s

second

S

Svedberg

SAXS

small angle X-ray scattering diffraction

SEM

scanning electron microscope

SiO42-

silicate ion

SO42-

sulfate ion

T

temperature

t

time

TEM

transmission electron microscope

UV-Vis

ultra-violet/visible light

wt%

weight percent

zi

charge of the ions i
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ABSTRACT: A molecular understanding of the formation of solid phases from solution
would be beneﬁcial for various scientiﬁc ﬁelds. However, nucleation pathways are still not
fully understood, whereby the case of iron (oxyhydr)oxides poses a prime example. We
show that in the prenucleation regime, thermodynamically stable solute species up to a few
nanometers in size are observed, which meet the deﬁnition of prenucleation clusters.
Nucleation then is not governed by a critical size, but rather by the dynamics of the clusters
that are forming at the distinct nucleation stages, based on the chemistry of the linkages
within the clusters. This resolves a longstanding debate in the ﬁeld of iron oxide nucleation,
and the results may generally apply to oxides forming via hydrolysis and condensation. The
(molecular) understanding of the chemical basis of phase separation is paramount for, e.g.,
tailoring size, shape and structure of novel nanocrystalline materials.

P

reconcile these contradictions,8,25 it was argued that the
formation of polynuclear complexes could be conceived of as
a result of heterogeneous nucleation at mixing interfaces with
negligible barriers. Only very slow mixing with minute gradients
would then lead to homogeneous CNT-like pathways giving
rise to the observation of induction times; however, this regime
was never accessed and explored in detail experimentally. While
growth via aggregation of nanoscopic precursors was reported
for akaganéite, ferrihydrite, goethite, and mixed-valent phases
such as magnetite,1,9,10,12,14,23,26−32 and discrete Fe13 iron-oxo
Keggin ions can be fundamental to “nonclassical″33 growth
schemes,26 the high reactivity of iron(III) above ca. pH 2.3
renders in situ analyses diﬃcult.5 On the other hand, isolation
procedures are generally prone to the generation of artifacts,
especially during the early stages of precipitation, where high
concentrations cause kinetic eﬀects upon heterogeneous
mixing,8 or rather extended aging times must be employed.1,7,8,10,18−21,24,27,30
Herein, in order to explore the above-mentioned dichotomy
between inﬁnite condensation and the existence of a nucleation
barrier under conditions of homogeneous mixing and low
driving force for phase separation, we take advantage of an

laying important roles in geology, biology, medicine, and
industry, iron oxides are of great interest.1−5 In spite of a
vast amount of literature on iron chemistry,1,6−10 iron oxide
precipitation is still not well understood.5 Deciphering the
underlying molecular mechanisms would prove beneﬁcial for,
e.g., syntheses of nanoparticles,11−14 controlling the structures
of solids,6 or improved treatments of acid mine drainage.15,16
However, analyses of iron solutions and early occurring iron
(oxyhydr)oxides turn out to be particularly complex.5,8
It is known since the 1960s that iron oxide precipitation
proceeds via complex ions (i.e., inorganic oligomeric or
polymeric precursors and intermediates), which were studied
extensively.17,18 Flynn1 identiﬁed four main steps; (i) formation
of low-molecular weight species, and (ii) of cationic polymers
thereof; (iii) polymer aging with conversion to oxide phases;
and (iv) precipitation directly from low molecular mass
precursors. Notions of classical nucleation theory (CNT)
were consulted to describe these processes,8,19−23 and supersaturation may govern the appearance of precipitates.24 By stark
contrast, some authors argued that nucleation in this system is
not associated with a CNT-like barrier due to the decisive
energy gain upon Fe(III) hydroxylation and condensation.17
However, an unlimited condensation reaction proceeding
without any energetic barriers is incompatible with the
observation of induction times for hydrolysis reactions of a
partly hydrolyzed iron(III) solution.19 In an attempt to
© 2016 American Chemical Society
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Figure 1. The early stages of the hydrolysis of iron(III) at distinct pH levels. (a) Upon slow addition of iron(III) solution into hydrochloric acid
solution (concentration of added iron shown on the abscissa), the preset pH value is maintained at a constant level via automatic counter-titration of
sodium hydroxide solution (ordinate, smoothed data shown; raw data are displayed in Figures S2 and S8 in the Supporting Information).
Experiments were performed at eight pH levels between pH 2 and 3 as indicated. The blue arrows mark the transition regime identiﬁed by the stop
experiments at pH 2.4 as shown in panel b; the addition of Fe(III) solutions was stopped at pH 2.4 at diﬀerent iron concentrations (as indicated in
the legend), while the pH value was monitored continuously for an additional time period of 5000 s. During the early stages, the pH value remains
constant showing that the hydrolysis reaction stops. By contrast, at later stages, the pH decreases continuously without delay after stopping the
addition of the Fe(III) solution. The transition occurs between ca. 3.6 and 4.5 mM added iron(III) concentration at pH 2.4, and the concentration
ranges for the transition was determined for eight pH values between 2.0 and 2.85 (see Table S2 and section 4 of the Supporting Information).

induction times at low driving force for phase separation. It
does not require invoking the concept of nuclei of critical size,
and resolves a longstanding debate regarding the molecular
mechanism of iron(III) oxide nucleation via binodal pathways.
At high driving force for phase separation, i.e., higher pH levels,
this barrier may disappear, and lead to inﬁnite condensation
proceeding without any major barriers, which may physically
correspond to entering a spinodal regime.
Figure 1a shows the base consumption due to hydrolysis
during Fe(III) addition into hydrochloric acid at diﬀerent and
constant pH levels. This is because hydroxide ions are available
only from the self-dissociation of water, providing a minor
corresponding population at these pH levels, and any binding
of hydroxo-ligands must be balanced by titration so as to avoid
a decrease in pH (i.e., Fe(III) + H2O ⇌ Fe(III)OH + H+).
Above ca. pH 2.1, the hydroxide level from water selfdissociation is suﬃcient for the reaction to occur to a signiﬁcant
extent. The titration curves initially increase with a nearly linear
trend, and then transition toward an upward-bent regime that
asymptotically approaches a steeper, again linear slope.
Experiments at varying rates of Fe(III) addition provide
evidence that the shape of the curves is not governed by
kinetics (Supporting Information, section 2, Figure S1). With
increasing pH (i.e., increasing hydroxide concentrations), the
initial slope becomes steeper, and the transition to the second
regime occurs at lower added iron(III) concentrations. The
behavior of the titration curves, in principle, indicates a
transition between at least two distinct reaction mechanisms of
iron(III) hydrolysis.
Insight into this transition can be obtained when the addition
of iron(III) is stopped at diﬀerent times, while the ongoing
development of the pH level is monitored (Figure 1b). For
instance, below 3.6 mM added Fe(III) at pH 2.40, the
hydrolysis reaction comes to a stop within experimentally
observed times. However, above 4.5 mM at pH 2.40, the
reaction proceeds without any delay, as evident from the
continuously decreasing pH value. This shows that in the early
stages, the reaction is in equilibrium and only proceeds with

advanced potentiometric titration assay inspired by Hedström,
De Bruyn, and others.7,19,25,34 Previous titration experiments
were carried out at ﬁxed iron concentrations via a slow increase
in pH,35 where the reaction is not limited by the iron
concentration. By contrast, we dose strongly acidic and dilute
iron(III) solution into hydrochloric acid solution at constant
pH. Similar experiments were also carried out by van der
Woude and de Bruyn,19 but not explored in detail. Importantly,
in our experiments, the hydroxide and iron concentrations are
distinctly lower than, or in the same range as in all previous
studies, and the mixing rates are slower by at least a factor of
30.19,20,35 The advantages of our approach is the minimization
of mixing artifacts, enabling accessibility to, and separation of,
the distinct stages of phase separation (regimes i−iv, cf. above)
under low driving force, which has not been achieved
previously. Comprehensive analyses employing various additional techniques allow us to delineate a consistent nucleation
mechanism for iron(III) oxides. We show that a change in the
chemistry of the linkages within hydrolyzed iron(III) olation
polymers governs the onset of aggregative processes as a
consequence of phase separation. This highlights that notions
of CNT, i.e., a transitional state based on a nucleus of critical
size, cannot explain the nucleation behavior of iron(III) oxide;
the central property deﬁning pre- and postcritical nuclei is not a
critical size but the dynamics of the species forming pre- and
postnucleation, respectively, which is in turn consistent with the
notions of the so-called prenucleation cluster (PNC) pathway.34 Due to their high dynamics, olation polymers qualify as
solute PNCs, and are part of the homogeneous solution in
analogy to micelles.34 While the bridging of iron(III) centers via
hydroxo bridges (olation) indeed proceeds spontaneously in
the prenucleation regime and gives rise to a Flory-like size
distribution of PNC olation polymers, the energy barrier
associated with phase separation arises from the internal
formation of oxo bridges (oxolation) within the PNCs at some
critical iron concentration and pH. This may rely on metastable
ﬂuctuations in size within the population of olation PNCs, and
provides an alternative explanation for the observation of
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Figure 2. Cryo-TEM analyses of earliest iron(III) (oxyhydr)oxide species. (a) Titration proﬁle (smoothed) illustrating the stages at which the
samples were drawn; blue arrows mark the transition region at which the hydrolysis reaction starts to proceed independent of the added iron(III).
(b) Before the transition region of the reaction (samples were drawn from the titration at the red vertical line in panel a), polydisperse (1−2 nm) and
largely nonaggregated spherical species can be seen, which qualify as PNCs. The bar plot in the inset shows the PNC size distribution. (c) In the
transition stage (samples drawn at the black vertical line in panel a), larger aggregates are formed. The nanogranular internal structure of the
aggregates, the length scale of which relates to the sizes of individual PNCs, seems to gradually vanish in some regions. All scale bars 100 nm.

consistent with the reaction Fe(III) + xH2O ⇌ Fe(III)OHx +
xH+ when x = 1, because the law of mass action yields c(H+)x =
Kc(Fe(III))/c(FeOHx). However, in the nonlinear regime, as
the hydrolysis reaction proceeds independent of the iron
addition, it is impossible to draw any reliable conclusions
toward iron speciation, at least without additional information,
or derive corresponding equilibrium constants. Still, notably,
the curves are not immediately governed by kinetics
(Supporting Information, section 2).
In the equilibrium stage, more or less segregated species
smaller than ca. 2 nm in size can be observed by means of
cryogenic transmission electron microscopy (cryo-TEM, Figure
2b), which are polydisperse, with an average diameter of ∼1.0
nm (Figure 2b inset). Micrographs of samples obtained after
the transition in the reaction mechanism, however, exhibit a
distinctly diﬀerent behavior (Figure 2c). Agglomerates reach
sizes of about 100 nm. Notably, the cryo-TEM investigations
strongly suggest that the transition from nonaggregative to
aggregative behavior is simultaneous to the observed change in
the reaction mechanism (Figure 2a).
In situ time-resolved small-angle X-ray scattering (SAXS)
experiments provide further information on the size of, and the
interactions between, the species occurring at the distinct stages
of iron(III) (oxyhydr)oxide formation (see the Supporting
Information section 5 and Figure S4 for details). The temporal
evolution of the SAXS proﬁles during the titration experiment
is shown in Figure 3a. The scattering intensity I(q) increases

increasing iron concentration. In turn, this is evidence that the
system is either in the stable or metastable region of the phase
diagram, that is, under- or just slightly supersaturated and close
to the binodal limit, rendering determination of the equilibrium
constant of the hydroxo-ligand exchange possible. The
equilibrium yielding monohydroxo Fe(III) species predicts a
linear slope, which is given by the initial trend of the curves at
all investigated pH values (Supporting Information, section 3,
Figure S2 and Table S1). The corresponding value for the
concentration-based equilibrium constant K1 is in accord with
the literature.25 Required adaptions yield an equilibrium
constant that is consistent with the distinct thermodynamic
stability expected for the iron(III) hydroxo complex (cf.
Supporting Information, section 3, log K2 = 11.06 ± 0.16).
When the Fe(III) concentrations characterizing the transition obtained from the stop experiments are compared with
the titration proﬁles, it is obvious that it occurs as the base
addition starts to signiﬁcantly bend upward (Figure 1a, blue
arrows, and Supporting Information Figure S2). Thus, this
common feature can be used to determine the transition at all
investigated pH levels (Supporting Information, section 4,
Figure S3, Table S2). Based on the above consideration, it is
also obvious that the transition occurs as the hydrolysis reaction
starts to yield species other than FeOH2+ (or any potentially
existing olation polymers thereof, see below), to a signiﬁcant
extent. In other words, the initially linear increase in OH−
consumption versus the addition of iron (Figure 1) is only
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Figure 3. SAXS analysis of hydrolyzing solutions of aqueous iron(III). (a) Time evolution of the SAXS intensity. (b) Calculated structure factor,
S(q), for diﬀerent times, as indicated, showing repulsive (60−3000 s) and attractive interactions (later than 3000 s).

curves (Figure 3b). A comparison with the corresponding
titration data (Supporting Information, Figure S4) shows that
the transition from repulsive to aggregative interactions
happens just before the transition range that was identiﬁed in
the stop experiments and corroborated by cryo-TEM as
described above. As already indicated above, the sizes obtained
from SAXS investigations of solutions at 5400 s provide a good
estimate for the size of earlier species. Assuming hard spheres
and random coils,38 the radius of gyration of ∼3.0 nm from
SAXS yields corresponding hydrodynamic diameters of 7.7 and
4.6 nm, respectively (Supporting Information, section 6). The
rather large deviation between sizes obtained from SAXS and
cryo-TEM (ca. 1.0 nm in diameter) can be explained by the fact
that hydration shells are invisible in the TEM images, whereas
not all parts of the actual clusters may exhibit suﬃcient contrast
with the background, especially considering their suggested
structural polymeric conﬁguration (see below).
The iron hydroxide species forming in the early stage of the
experiment were analyzed by analytical ultracentrifugation
(AUC). Samples for AUC analyses were drawn directly from
titrations at diﬀerent pH values (2.0, 2.2 and 2.4) after 3000 s,
which thus possess a similar concentration of added iron ions
(ca. 1.7−1.8 mM) and represent prenucleation equilibrium
stages of the titration experiment (Figure 1, cf. also the
Supporting Information, Table S2; note that the later
nonequilibrium stages cannot be analyzed by means of AUC
due to their inherent instability). Due to the diﬀerence in pH,
however, the samples display distinct equilibrium stages; there
is no hydrolysis reaction for pH 2.0, but during the titrations at
pH 2.2 and 2.4, an increasing amount of base is consumed with
increasing pH (Figure 1). Consequently, for pH 2.0, only
mononuclear species with a sedimentation coeﬃcient of ∼0.3 S
can be detected, which can be assigned to hydrated Fe(III) ions
with aquo-/chloro-ligands. The samples drawn from titrations
at higher pH values, by contrast, show a second population
besides ions with signiﬁcantly larger sedimentation coeﬃcients
of ∼1.2 S and ∼2.2 S for pH 2.2 and pH 2.4, respectively. One
sample at pH 2.4 indicates the presence of even larger species at
∼0.8 S and ∼2.5 S. All larger species can be assigned to clusters
that must be constituted by FeOH2+, as evident from the
linearity of the titration slope as discussed above. Moreover,
their relative AUC-derived concentration is similar for pH 2.2
and 2.4 and ranges from 0.28% to 8.59%, and is consistent with
the allover molar concentration of FeOH2+ obtained from

continuously with time in a low to medium scattering vector
range of q < 2 nm−1 (also see the Supporting Information,
Figure S5). The SAXS plots in double logarithmic scale (Figure
3a) reveal three main stages of the process as time proceeds: (I)
In the ﬁrst stage (earlier than 3300 s, i.e. at iron concentrations
below 1.89 mM), the scattering intensity increases with
increasing iron(III) addition exhibiting a knee at ∼0.8 nm−1
and a weak compressibility (i.e., I(q) decreases with q
approaching 0). The latter arises fromif anythingrepulsive
interactions between the scattering objects with an average
distance ⟨a⟩ of approximately 10 nm. (II) In the second stage
(between 3300 and 6300 s, 1.89 mM < c(Fe3+) < 3.35 mM),
the scattering intensity is larger than the form factor
(noninteracting species) in the lower q-range, which is
indicative of attractive interactions between the objects,
developing around 3300 s (Figure 3b). (III) In the third
stage (later than 6300 s, c(Fe3+) > 3.35 mM), the scattering
curves exhibit a trend toward a q0 intensity scaling (Guinier
region) in the very low q-range, implying the formation of large
particles, or of aggregates composed of the smaller primary
species. Kratky plots provide information on the globularity and
ﬂexibility of the scattering species. They exhibit bell peaks (0 <
q < 1 nm−1) with a plateau in the high q region (2 nm−1 < q < 3
nm−1) for the later stages (e.g., 16200 s), which are typically
indicative of globular structures with ﬂexible linkers (Figure S5b
in the Supporting Information). The size distributions of the
scattering objects were calculated by curve simulation via
Monte Carlo methods utilizing the McSAS software36,37
(Supporting Information section 5, Figure S6). Only data for
reaction stages later than 5400 s were evaluated, as the applied
detector only oﬀers a limited q-range, precluding reliable ﬁtting
of the data. Nevertheless, as the scattering behavior does not
signiﬁcantly vary in the high q range for the curves obtained
during the early stages, it is evident that the underlying sizes of
scattering objects are similar to the ones obtained for 5400 s.
The average radius of gyration Rg increases slowly in a linear
manner from ∼3 nm at 5400 s to ∼6 nm at 12300 s
accompanied by a broadening of the size distribution. At later
reaction stages, the radius of gyration Rg remains relatively
constant between 6 and 7 nm with an increasing overall volume
fraction and even higher polydispersity. The calculated
repulsive structure factors S(q) become weaker as time
proceeds and the iron concentration increases until ∼3300 s.
Afterward, attractive structure factors describe the scattering
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Figure 4. Evidence for the phase transition from time-dependent turbidity and UV−vis spectra. (a) The turbidity (at a wavelength of 610 nm)
increases throughout the whole experiment (data sets smoothed) but shows a distinct bend when the change in reaction behavior occurs (titration at
pH 2.5). (b) UV−vis spectra taken at diﬀerent stages of the titration at pH 2.85 as indicated. A band at 485 nm develops simultaneously to the
changes observed in the titration data (cf. Table S2, pH 2.86), indicating the formation of extended oxo-bridged iron species.16

assumption and equilibrium constant of monomer addition
independent of cluster size, as discussed in detail elsewhere).34
The PNC notion also suggests that the phase separation
event relies on a signiﬁcant reduction of the dynamics of the
PNCs, as it renders them distinct from the solution, and gives
rise to the development of an interfacial surface characterized
by a transition form low to high dynamics.34 In turn, the
generation of interfacial surface is energetically unfavorable, and
drives aggregation. Indeed, a nonaggregative behavior during
the prenucleation stage is obvious from cryo-TEM as well as
SAXS, where the structure factor suggestsif anythinga
compressibility governed by repulsive interactions. These could
in principle arise from electrostatic stabilization, which is
intimately inﬂuenced by ionic strength. Corresponding titration
experiments in the presence of additional salt (Supporting
Information, section 7, Figure S7) provide evidence that
electrostatic stabilization is an unlikely explanation for the
observed repulsive interactions. Fitting of the repulsive
structure factor with a screened Coulomb potential of spherical
scattering objects furthermore suggests surface charges on the
order of 60 elementary charges on spheres that are 0.5−1.2 nm
in size (Figure S8 and Table S3), which is an unrealistic high
charge for small objects, highlighting that an electrostatic
stabilization model is implausible. This is further supported by
means of zeta potential measurements (Supporting Information, section 5). We speculate that entropic eﬀects govern the
compressibility in the equilibrium stage and underlie the
repulsive interactions. Essentially, all of this is in accord with
the PNC notion; i.e., the olation polymers are solutes thanks to
their dynamics and not intrinsically prone to aggregation
The change in hydrolysis reaction, and the reduction of
dynamics, which triggers the aggregation of the formed species
due to the development of interfacial surfaces, can be explained
by the onset of oxolation, yielding more stable, and much less
dynamic bridges between Fe(III) centers within the clusters. In
fact, turbidity measurements and UV−vis spectroscopy conﬁrm
this. At the transition identiﬁed in the titration experiments, the
solution exhibits a distinct increase in turbidity, and a band at
485 nm develops in the UV−vis spectra (Figure 4), indicating
the presence of spatially extended ferric species.16 Furthermore,
the conductivity of the system was measured during the
ongoing hydrolysis, which can be used to calculate the
concentration of dissolved iron ions (even though the

titration (see below). The density of the clusters can be
determined by combining SAXS and AUC data (Supporting
Information, section 6), yielding approximately 1.055 g/mL
and 1.16 g/mL assuming hard spheres and random coils,
respectively, whereas the density for ferrihydrite2 is 3.96 g/mL.
The signiﬁcantly lower density of the early species points
toward their inorganic oligomeric or polymeric speciation with
a rather high water content and a structure that is diﬀerent from
ferrihydrite.
The hydrolysis of iron(III) proceeds via olation and
oxolation. Olation refers to the replacement of aquo-ligands
by hydroxo-ligands, which is generally a very fast reaction due
to the high lability of coordinated water molecules.6,39,40
Monomeric hydroxo-complexes can become bridged and form
oligomeric or even polymeric complexes without any further
hydroxide consumption. This must occur in the equilibrium
stage of the titration experiment, because the size of the
detected clusters obtained by AUC, cryo-TEM and SAXS
experiments cannot be explained on the basis of mononuclear
entities. Furthermore, as shown above, there is no signiﬁcant
population exhibiting stoichiometries other than Fe(III)OH in
the equilibrium stage. The concentration of Fe(III) hydroxocomplexes can be calculated based on their equilibrium
constant of formation (i.e., K2) showing that they constitute
ca. 1 mass-% of all ions present, that is, including spectator ions,
which are detected by the AUC. This is within the mass
concentration range determined for clusters by AUC (0.28−
8.59 mass-%), and highlights that Fe(OH)2+ quantitatively
resides in thermodynamically stable species (K2 ≫ 1, i.e., ΔG
≪ 0) that are signiﬁcantly larger than the monomeric complex,
on average. Thus, the species detected in the equilibrium
regime must be olation PNCs, [Fe(OH)2+]cluster. Most likely,
these clusters are closely associated with counterions balancing
their charge, which may explain their somewhat larger mass
fraction in AUC analyses when compared to titration.
Consistently, the cryo-TEM data in combination with SAXS
structure factors are compatible with their solute speciation,
and, as calculated from AUC and SAXS experiments, the PNCs
have a rather low density. In accordance with the PNC notion,
we suggest that the equilibrium constant K2 of formation of
Fe(OH)2+ actually represents an average for the formation of a
highly dynamic population of [Fe(OH)2+]cluster, which is
consistent with an initial linear slope (i.e., pseudophase
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Figure 5. Schematic overview of the molecular mechanism of the nucleation of iron(III) oxides. The process is generally in accord with the notions
of the so-called prenucleation cluster pathway. For explanation, see text.

rationalize the existence of induction times that may arise from
metastable ﬂuctuations in size within a stable population of
PNC olation clusters, whereas polymerizationbased on
olationis indeed not associated with a CNT-like barrier. It
must be noted that this mechanism is valid for low driving force
for phase separation, i.e., close to the binodal limit. At higher
pH values, the nominal supersaturation at any given iron
concentration increases dramatically, and hydrolysis and
polycondensation can become essentially spontaneous and
proceed inﬁnitely without any barriers even at minute iron(III)
concentrations, which may then be conceived of as spinodal
(diﬀusion limited) demixing. Last but not least, in either case,
the aggregation-based phase separation mechanism shows that
the notions of nucleation and growth via single atoms or
molecules are too simpliﬁed for understanding the formation of
iron oxide nanoparticles. In turn, due to its higher complexity,
this process can be inﬂuenced and controlled before, during
and after phase separation, e.g. via the use of additives, or by
applying hydrothermal conditions, where the basic processes
have recently shown to be similar.41

measurements do not provide absolute iron ion concentrations
for reasons outlined in the Supporting Information, section 8,
Figure S9). The concentration of Fe(III)aq decreases distinctly
at the onset of the transition region identiﬁed above. This
decrease of iron ion concentration in solution is evidence for
their binding and can be accredited to phase separation, as the
phase separated iron species contribute no longer to the overall
conductivity of the electrolyte solution.
In conclusion, from a physicochemical point of view, olation
polymers can be conceived of as thermodynamically stable
solute PNCs (Figure 5).34 They exhibit a comparably low
density, they are highly dynamic, and constantly decompose
and reform, yielding a stable solute cluster population according
to the notions of Flory polycondensation. At this stage of the
reaction, ligand exchange continuously takes place and the
weakly bound aquo-ligands are replaced by hydroxide ions.
Previous results showed that chloride ions are replaced from
iron oxide precursors with the onset of oxolation,40 and
combination of this insight with the present work proves that
they are not released to any signiﬁcant extent during the
formation of olation PNCs.29 The onset of oxolation distinctly
slows down the dynamics of the clusters, and renders them a
new phase. In accordance with the notions of the PNC
pathway, this event of developing an interface may be
conceived as passing a liquid−liquid binodal. While our results
are in agreement with earlier studies on the chemistry of
aqueous iron(III),1,8,27,28,30,35 the titration assay combined with
complementary analytical methods enables the allocation of the
distinct stages of iron oxide precipitation, and a molecular
understanding of the event of phase separation. Some authors
suggested that this event is governed by size, i.e., within the
notions of CNT.35 However, using diﬀerent in situ- analytics,
we show that the clusters evolve dynamically and that
similarities between olation PNC structure and distinct crystal
lattices are highly unlikely. Ultimately, the chemistry of the
linkages in hydrolyzed iron(III) polymers governs the onset of
aggregative processes that in turn derive from the creation of
interfacial surfaces due to decreased cluster dynamics upon
oxolationas opposed to cluster size. Thus, our ﬁndings can

METHODS
A detailed experimental section can be found in the Supporting
Information.
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1. Experimental
All chemicals were used as received: iron(III)choride hexahydrate (Sigma Aldrich, puriss.
p.a., ACS reagent, 98.0 - 102%), hydrochloric acid (Merck, 0.1 M), sodium hydroxide
(Merck, 0.1 M), sodium chloride (VWR, 99.9%), nitric acid (Sigma Aldrich, puriss. p.a.,
reag. ISO, reag. Ph. Eur., ≥65%). All solutions and dilutions were prepared with water of
Milli-Q quality if not stated otherwise. All samples were prepared freshly and analyzed
immediately after drawing them from the titration. The hydrolysis was performed with an
automated commercially available titration setup provided by Metrohm (Filderstadt,
Germany). The titration device (836 Titrando), which operates two dosing units (800
Dosino) is operated with custom-made software (Tiamo 2.3) that controls the dosing of
the solutions. The dosing units allow dosing in small steps of down to 0.2 µL through
burette tips, which are equipped with special valves preventing the diffusion of solution
into the titration reservoir. pH values were measured with a double-junction pH electrode
(Metrohm, 6.0269.100). The electrode was calibrated regularly using three pH buffers
(Mettler-Toledo). Turbidity measurements were carried out using an optrode sensor
(6.1115.000) with a 610 nm laser. The titrations were carried out at ambient temperature
in 100 mL beakers. After every titration the glassware and the electrodes were cleaned
with water of Milli-Q quality. In the titration experiments a solution of 0.1 M FeCl3 x 6
H2O in 0.1 M HCl was added at a rate of 0.01 mL / min into 25 mL of 0.01 M hydrochloric
acid that was adjusted to the desired pH value by addition of the required amount of
0.05 M NaOH prior to the titration. This pH value was kept constant throughout the
titration by counter titration of 0.05 M sodium hydroxide solution. AUC was conducted on
an Optima XL-I (Beckman-Coulter, Palo Alto, CA). The samples were centrifuged at
60,000 rpm at 25°C and the Rayleigh interference optics were used for analysis. The
experiments were performed in 12 mm titanium double sector cells (Nanolytics,
Potsdam, Germany). 10 mM hydrochloric acid was used as reference solution.
Evaluation of the data was carried out using the software SEDFIT by Schuck1 applying
Lamm equation modelling for 1–4 non-interacting species to determine sedimentation
and diffusion coefficients as well as concentration of up to 4 species in a solution.
Sedimentation coefficient distributions were obtained by using SEDFIT and the density
calculated with sedimentation coefficients from AUC experiments and sizes from SAXS.
For cryo-TEM, samples taken at different times from the titration were spread on lacey
carbon filmed copper grids by blotting with a filter paper. The resulting thin film was
vitrified by quickly plunging the grids into liquid ethane at its freezing point. Specimens
were examined at temperatures around 90 K with a Zeiss/LEO EM922 Omega TEM.
Collected images were processed with a background-subtraction routine and, where
appropriate, a smoothing filter (Butterworth Filter) was applied to reduce noise. The size
distribution was obtained using ImageJ, whereby the lower limit for the particle analysis
was set to a particle area of 0.25 nm2. With this limit, 1540 species were included in the
determination of the size distribution. UV-Vis spectra were obtained in situ utilizing a
PEEK flow cell coupled to a spectrometer (Ocean Optics, Dunedin, USA). Conductivity
measurements were performed using a conductivity cell (Metrohm, 6.0910.120)
connected to a conductivity module 856 (Metrohm, 2.856.0010). The cell constant was
determined prior to the measurements using a 100 µS/cm conductivity standard solution

(Metrohm, 6.2324.110). Samples for SAXS analysis were measured in a sampledetector distance of 2.33 m and with a x-ray wavelength of 0.1 nm to cover the q-range
(q is the scattering vector, q=(4π/λ)sin(θ/2), θ is the scattering angle) from 0.07 to 4 nm1
. The used detector was a Quantum 210R CCD detector from ADSC. A peristaltic pump
(Gilson, Middleton, WI, MiniPuls 3) was used to continuously transport small amounts of
the reaction solution at a flow rate of ~ 10 mL/s from the titration system into a custombuilt PEEK flow-through cell with a Kapton capillary and back into the system. The
capillary exhibits a wall thickness of ~ 10 µm and an internal diameter of 1.5 mm. The
scattering patterns were obtained with 30 s exposure time for all time stages. This
approach provides time-resolved in situ analyses of the hydrolysis reaction. The SAXS
patterns were normalized to an absolute scale and azimuthally averaged to obtain the
intensity profiles, and the solvent background was subtracted. The angular scale was
calibrated using the scattering peaks of silver behenate. For references, the scattering
patterns of the empty capillary and the capillary filled with water were recorded.
Analyses of the SAXS data are described in more detail in the Supplementary
Information, section 4. Zeta potential measurements were conducted with a Zetasizer
Nano ZS (Malvern Instruments, Worcestershire, UK) at 25°C with clear disposable zeta
cells.
2. Titrations at varying iron concentrations
The titration experiments provide homogeneous reaction conditions due to slow mixing
and low addition rates of the reaction partners. Addition rates as well as the
concentrations of the added solutions were chosen to ensure homogeneous mixing and
accessibility of the distinct stages. However, it is also important to minimize dilution
effects and realize experiments on a time scale of a few hours. To investigate the
influence of mixing and confirm the applicability of the chosen settings, titrations were
carried out with different iron addition rates. As the utilized addition rate of 10 µL/min is
the slowest one that is technically possible, the concentration of the iron salt solution
was lowered and thus the net addition rate of the amount of iron ions. Figure S1 shows
the titration data obtained for different addition rates and different concentrations of the
iron solution at pH 2.85. The titration curves display generally the same shape and a
similar slope in the linear regime at higher iron(III) concentrations. For very low
concentrations of the added iron(III) solution the transition in the titration curve to the
linear regime seems to appear earlier than for higher concentrations. However, under
these experimental conditions, significant dilution effects arise from the fact that high
volumes of the iron(III) solution have to be added to increase the concentration of
iron(III) ions in the titration solution. A titration carried out at high addition rates shows a
trend in the opposite direction, suggesting that the addition rate has a slight influence on
the concentration range of iron(III) ions, at which the transition in the curves occurs, but
does not influence the overall shape or the final slope of the titration curve. The settings
that were chosen in this work (red graph) lie in the same range of those carried out at
significantly lower concentrations. There are only minor differences in the titration curves
induced by a change in the addition rates of the amount of iron(III) ions, which are

mostly due to dilution effects; it can be concluded that the experimental settings used in
this work are representative for the investigated system.

3. Determination of equilibrium constants
The titration data for the early stage of the titration provides information on the
equilibrium underlying the hydrolysis reaction. The initial progression can be represented
by a linear asymptote, which was added to the data by eye (see Figure S2).
Undoubtedly, this line corresponds to the equilibrium yielding Fe(OH)2+ that can be
characterized by equilibrium constant K1 according to2:
�! =
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The H+ concentration is given by the pH value of the solution, while [Fe(OH)2+] can be
obtained by calculating the amount of consumed hydroxide ions represented by single
points on the added asymptotes. Accordingly, the concentration of free iron(III) ions can
be calculated by subtracting the amount of reacted (asymptotical) hydroxides from the
added iron(III) ion concentration. The values obtained for K1 at the investigated pH
values are compiled in Table S1. The value of log K1 of -3.09 ± 0.16 (main value ±
standard deviation, N = 7, ionic strength of about 0.02 M) is larger than the value for
log K1 of -2.2 reported in the literature at similar ionic strengths, and is actually closer to
the values between -2.96 and -3.05 that were obtained for an ionic strength of 3 M.2-4
The law of mass action for the determination of K1 (equation 1) is based on the
equilibrium (FeH2O)3+ ⇌ (FeOH)2+ + H+. Here, the equilibrium H+ concentration is
considered to result from iron(III) hydrolysis. However, a low pH level is in fact realized
by the addition of HCl. From the point of view of the principle of LeChatelier, this assures
that the equilibrium is shifted towards the Fe(III) aquo complex, i.e. mitigating hydrolysis.
Since Fe(III) is highly acidic, hydrolysis takes place at very low pH values and low iron
concentrations. This, in turn, categorically implies that the iron(III) hydroxo complex is
highly stable, however, K1 << 1 (Table S1), and consequently ΔG1 = -RT lnK1 > 0. This
contradiction is due to the flawed mass balance of equation 1, when considered
individually, i.e. that much more protons are actually present than generated based on
the corresponding equilibrium. This can be resolved when accounting for the (very low)
hydroxide concentration providing a realistic mass balance, i.e. Fe3+ + OH- ⇌ (FeOH)2+.
This reaction yields:
[��(��)!! ]
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The equilibrium concentrations of the different species can be calculated as described
above, while [OH-] is calculated from the measured pH value based upon the selfdissociation of water. Consistently, K2 >> 1 and ΔG1 < 0 (Table S1), in accord with the
expected, distinct thermodynamic stability of the formed iron(III) hydroxo complex.

Note that the titration-based data give analytical concentrations that do not account for
activity. Nevertheless, the values for K1 and K2 do not show a distinct trend with pH.
4. Determination of the transition region at all investigated pH levels
From the experiments, in which the iron(III) addition was stopped, a transition region for
the titration at pH 2.4 can be determined as outlined in the main text. It is found that the
transition occurs in the region, where the titration profiles (for continuous iron(III)
addition) start to significantly bend upwards. To locate this transition region and enable a
correspondent identification of this region for the other pH values, without the need to
carry out tedious stop experiments for all of them, the titration data was fitted with a
polynomial function to avoid potential artifacts arising from the noise of the data. The first
derivative of this fitted function shows a distinct behavior that can be recognized for all
investigated pH values (Figure S3). This enables the localization of the region, i.e. the
range of iron concentrations at which the transition occurs for all investigated pH values
(Supplementary Table S2). For the titration at pH 2.05, no transition occurs within
experimental duration.

5. SAXS experiments
Titration for SAXS experiments
Figure S4 shows the titration data of the experiment that was performed for the SAXS
experiment. The shape of this curve can be compared to the titrations described for the
other experiments (Figure 1). The onset of aggregation that was observed in the
scattering patterns is located just prior to the region that was identified as the transition
region, in which the reaction mechanism changes.
General remarks
Small-angle X-ray scattering (SAXS) is a very useful technique to study the structure
(shape, size) of scattering entities and their interaction in solution. The scattering
intensity, I(q), for a monodisperse system at a scattering angle of θ with scattering vector
q=(4π/λ)sin(θ/2), can be expressed as

I (q) =

N
2 2
( Δρ ) V P ( q ) S ( q )
V
p

(3)

where N/V is the number of particles per unit volume in the solution, Vp is the volume of
a single particle, and (Δρ)2 is the scattering contrast (for X-rays; the square of the
difference in electron density between the scattering species and the solvent). P(q) is
the form factor of the scattering objects that relates to their shape and size. Usually, in
dilute, non-interacting systems, the scattering curves show a form factor behavior. S(q)
is the structure factor, which contains information about the interactions between the

scattering objects. The structure factor S(q) can be extracted by dividing the total
scattering intensity I(q) by the form factor of the sample (Figure 3b).
The repulsive structure factor, which quantifies the primary species
interactions/correlations, is included in our fitting process using the “Hayter-MSAStructure” model5-6. The model is based on screened electrostatic interactions between
charged particles in the presence of counter-ions and the amount of salt added to the
solution. This accounts for a repulsive screened Coulomb interaction potential, which
has only been used for the samples in the stages earlier than 3300 s. The model is
defined by the volume fraction of the hard sphere, the particle charge, the diameter of
particles and the ionic strength, temperature and dielectric constant of solvent. The data
was fitted using an Igor Pro based small-angle scattering analysis software developed
by the National Institutes of Standard and Technology (NIST, USA).7
The repulsive structure factor evolution, fitted by employing the “Hayter-MSA-Structure”
model on the early stages of the reaction is shown in Figure S7. Results show that after
1800 s the structure factor can be well fitted by the model. The interaction strength
becomes lower with increasing ionic strength (Figure S7). The surface charge of the
primary species is very high (above 60 elementary charges) especially for the early
times (Table S3). These unrealistically high charges show that a model of electrostatic
stabilization for explaining repulsive interactions between the scattering species is
implausible. This is confirmed by the fact that zeta potential measurements performed
on the reaction solution in the pre-nucleation stage (pH 2.5, 550 s) yielded a zeta
potential of 21.5 ± 1.5 mV (main value ± standard deviation, N = 6). Generally, zeta
potentials above 30 mV can be assigned to electrostatic stabilized nanoparticle
suspensions.8 Note that the sizes of the spheres obtained from the fit are inherent to the
model assumption, i.e. to explain the measured structure factors by charged spheres. In
the light of their unrealistic high charge, also the obtained sizes between 0.5 and 1.2 nm
do not necessarily reflect realistic proportions.

Determination of particle size distributions from SAXS curves
SAXS scattering curves were analyzed by using a Monte Carlo method in order to get
information on the size distribution of the particles. Monte-Carlo data fitting was
performed using the McSAS software as described by Bressler9. In this method, the
SAXS pattern is first simulated and compared to the experimental curve. The advantage
of this method is that one does not need to assume a particular shape for the size
distribution of the particles. The only assumptions needed are the shape of the particles
and the absence of inter-particle interactions that would otherwise determine the
appearance of a structure factor peak in the SAXS curves. In the time regime later than
5400 s, the power law exponents change from 1 to 2, indicating Gaussian-chain like
structure formation. Thus a Gaussian-chain model was used to describe the scattering
curves. The form factor of a single chain corresponds to a Gaussian chain in solution
whose scattering function can be described by the Debye function10:
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where Rg is the radius of gyration of the chain.
Figure S6 shows the fit results and the corresponding radius of gyration distributions
weighted by the volume at different times after 5400 s. At 5400 s, most of the scattering
arises from aggregates of primary species, whose radius of gyration is around 3 nm. The
size distribution then becomes broader, and mean sizes larger than 8 nm start to appear
at 10800 s. As the formation of the large aggregates proceeds, the maximum of the size
distribution does not shift toward larger sizes and the volume fraction becomes large.

SAXS data reduction and analysis
SAXS experiments were performed at the non-crystalline diffraction beamline BL11NCD at the ALBA in Barcelona, Spain. Samples were measured in a sample-detector
distance of 2.33 m and X-ray wavelength of 0.1 nm to cover the q range from 0.07 to 4
nm-1 (q is the scattering vector, q=(4π/λ)sin(θ/2), θ is the scattering angle).
A peristaltic pump (Gilson MiniPuls 3) was used to continuously transport small amounts
of the reaction solution at a flow rate of ~ 10 mL/s from the titration system into a
custom-built PEEK flow-through cell with a Kapton capillary and back into the system.
The capillary exhibits a wall thickness of ~ 10 µm, and an internal diameter of 1.5 mm.
The scattering patterns were obtained with 30 s exposure time for all time stages. This
approach provides time-resolved in situ analyses of the hydrolysis reaction. The SAXS
patterns were normalized to an absolute scale and azimuthally averaged to obtain the
intensity profiles, and the solvent background was subtracted. The angular scale was
calibrated using the scattering peaks of silver behenate. For reference, the scattering
patterns of the empty capillary and the capillary filled with a mixture of HCl and NaOH at
the same ratio as at the end of the titration experiment were recorded.
For SAXS experiments on solution samples measured in a capillary with a very thin wall,
water and solvent are also measured in the same capillary with the same instrument
configuration. The final scattering intensity of the sample is:

I ( q ) s I ( q )b
−
t sTs
tbTb
⋅ 0.0164
I (q) =
Iw
I EC
−
(
)
t wTw t EC TEC 1nm -1 ≤ Q ≤ 4nm -1

(5)

Where I(q)s, I(q)b, I(q)w, and I(q)EC are the measured intensities of sample, solution
background, water and empty capillary, respectively. The bottom term in the high q
range is a flat scattering (q independent), whereas T is the transmission and t the
irradiation time.

6. Calculation of density from gyration radius
To obtain the density from SAXS and AUC data, the gyration radius RG from the
scattering experiments has to be converted to the hydrodynamic diameter dH. The shape
of the objects can be assumed to be a hard sphere. In the case of hard spheres, the
hydrodynamic diameter can be calculated using the following equation11:
!
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For polymeric species the relationship is as follows11:
�! = 2 ∙
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From the SAXS experiments, a gyration radius of 3 nm and therefore a hydrodynamic
diameter of 7.7 nm for hard spheres and 4.6 nm for polymeric species was found. The
relationship between the hydrodynamic diameter obtained by SAXS and the
sedimentation coefficient s from AUC experiments for calculating the density of the
species is:
�! =

!"∙!! ∙!
!! !!!

(8)

where η0 is the viscosity and ρ0 the density of the solvent, and ρi the density of the
sedimenting species.12
7. Influence of ionic strength on the hydrolysis
To investigate whether the non-aggregative behavior of the species observed in the
equilibrium stages of the reaction is due to electrostatic stabilization, a series of titration
experiments with varying ionic strength was carried out. To increase the ionic strength,
different amounts of NaCl were added to the starting solution. Figure S9 compares
titration data of the original experiment with hydrolysis experiments at higher ionic
strengths. For an initial ionic strength of 98 mM, compared to 8 mM in the original
experiment, the curve shows nearly the same behavior. Further increase of the NaCl
content up to an ionic strength of 253 mM leads to a decrease in base consumption in
the early stages while for the more advanced hydrolysis reaction it exhibits a steeper
slope than in the original experiment. However, the change in reaction mechanism
characterized by the upwards-bent, which clearly coincides with the onset of aggregation
as determined by SAXS, is —if anything— delayed when the ionic strength is increased.
Thus, the data show clearly that the species that arise in the beginning of the reaction
are not destabilized by an increase in ionic strength, as it would be expected for
electrostatic stabilization of nanoparticles. This is also confirmed by the findings from the

repulsive structure factor fitting that is described in chapter 4 of the Supplementary
Information. The decrease in base consumption indicates that less hydroxo ligands are
bound with increasing ionic strength, which is due to a decreased activity. Then, after
phase separation, the reaction is accelerated in comparison, which may then indeed be
assigned to screening of the electrostatic stabilization of the particles of the newly
formed phase.
8. Evaluation of free iron concentration based on conductivity measurements
The conductivity measurements carried out during the titrations provide the overall
conductivity of the solution with all contributing species such as ions and charged
species. The theoretical composition of the reaction mixture is accessible throughout the
entire experiment. Assuming the formation of iron(oxy)hydroxides, it is thus possible to
calculate the conductivity Kx arising from the dissolved ions (all other than iron ions)
using their concentration cx and specific conductivity λx (taken from 13).

�! = �! ∗ �!

(9)

The remaining deviation from the measured value can be assigned to free iron ions.
�!"#$ − �! ! + �!"! + �!"! = �!" !!

(10)

The cell constant of the conductivity cell was determined prior to the experiments and
used by the program for data correction. This constant is highly temperature dependent
and can change with time as passivation or deformations have a high impact on its
value. To ensure that for each experiment the right cell constant was used, a correction
was carried out. This was accomplished by comparing the calculated with the measured
values for the conductivity at the beginning of the titration prior to the addition of any
solutions. At this time point these values ought to be equal as all concentrations are
known and no chemical reaction has occurred. The quotient of calculated and measured
value provides the factor by which the whole data set has to be corrected in order to
avoid a systematic error. These corrected values were used to determine the
conductivity of the iron ions and therewith the concentration of free iron ions in the
reaction solution was obtained using equation (7) (Figure S9).
For a pH value of 2.01 for which no hydrolysis was observed, the calculated iron
concentration exceeds the theoretical value. This can be explained by the loss of
electrolyte from the pH electrode. During the measurement 3 M KCl diffuses through the
porous membrane of the electrode, increasing the conductivity of the electrode. This is
an inevitable issue. However, additional ions in the solution increase the conductivity
and it can be therefore concluded that the observed effect of iron ions being bound
actually exists and the effect on the conductivity is diminished by the leakage of the pH
electrode. Another uncertainty is the molar conductivity of iron ions taken from
literature.13-14 This value describes the molar conductivity obtained from iron ions in
aqueous solutions at 25°C14. At the native pH value of water, hydrolysis of the iron(III)
solution occurs. Thus, the species for which conductivities were determined have to be

rather conceived as partly hydrolysed complexes than as iron ions, even for low
concentrations.
Nevertheless, even though the analytical iron concentration remains inaccessible due to
the leakage of electrolyte and inaccessibility of the molar conductivity of the iron ions,
the difference between the added and the measured iron ion concentration is bound to
be credited to a reduction in the conductivity caused by the formation of species
contributing less or not at all to the overall conductivity. At earlier times and for very low
pH values, however, the measured conductivity is in line with the value expected for the
free ions in solution. Hence, these measurements corroborate the formation of a
separated phase containing iron ions in accordance to the experiments described
above.
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Figure S1 | Titration curves obtained at different addition rates for the amount of iron(III). The
experimental conditions used in this work are represented by the red graph. The values in parentheses in
the legend represent the dilution factor relative to this rate. For explanation see chapter 1 in the SI. The
data shown in this figure was smoothed.

Figure S2 | Calculation of -log K in the initial stage of the reaction. Enlarged view of selected titration
curves (raw data) from Figure 1. The dashed lines are asymptotes corresponding to the equilibrium
concentration of Fe(OH)2+ giving the equilibrium constants compiled in Table S1.

Figure S3 | Determination of the transition zone. The graphs show the smoothed derivative of a
polynomial fit of the original titration data at different pH values. The transition zone was determined by
stop experiments at pH 2.4 (blue arrows). For the remaining pH values, the position of the transition
region was estimated by means of the shape of the derivative function.

Figure S4 | Titration experiment for SAXS. The titration experiment was performed as described in the
methods section at pH 2.4. The data was smoothed. The red vertical line depicts the transition from
repulsive to aggregative behavior seen from the SAXS results. The blue arrows mark the transition region
determined as described in the Supplementary Information, section 3.

Figure S5 | SAXS curves and Kratky plots. a) Three dimensional plots of time-resolved in situ SAXS
curves; b) Kratky plots of scattered intensity of I(q)*q2 as a function of time.

Figure S6 | (a) Best fits of scattering curves (red lines) via Monte Carlo simulation utilizing the McSAS
software (see section 4 in the Supplementary Information); (b) corresponding volume-weighted radius
of gyration distribution obtained from SAXS curve simulation using Monte Carlo methods.

Figure S7 | Titrations at varying ionic strengths. To exclude electrostatic stabilization of the early species
as reason for their non-aggregative behavior, NaCl was added at the beginning to increase the initial
ionic strength I (as indicated) of the titration and the experiment was conducted as usual.

Figure S8 | Calculated repulsive structure factor, S(q). Development of S(q) for different times of the
reaction. The structure factor was fitted by a screened coulomb interaction potential (see section 4 in
the Supplementary Information).

Figure S9 | Calculated concentration of dissolved iron(III) ions based on conductometry. In the
beginning of the experiment measured and calculated iron concentrations match well for all investigated
pH values. Upon the change in reaction mechanism, the concentration of free iron ions in the solution
starts to deviate from the calculated value, indicating the formation of a separate phase not contributing
to the conductivity of the solution. At early times and low pH values the obtained iron concentration
exceeds the theoretical one due to electrolyte leakage. The data was smoothed.

Table S1 | -log K for the reaction of iron(III) to Fe(OH)2+ at different pH values, determined as described
in literature2 and section 2 of the Supplementary Information.
pH value

log K1

log K2

2
2.2
2.3
2.4
2.5
2.6
2.7
2.86

-3.14
-3.17
-3.04
-2.97
-3.09
-3.00
-3.28

10.91
11.08
11.07
10.93
10.89
11.21
11.30

Table S2 | Range of iron concentrations at which transition from olation to oxolation occurs at all
investigated pH values
pH value

c(Fe3+) / mM

2
2.2
2.3
2.4
2.5
2.6
2.7
2.86

10.0 - 11.0
6.0 - 7.0
3.6 - 4.5
2.5 - 3.0
0.8 - 1.5
0.4 - 0.6
0.3 - 0.5

Table S3 | Charges and sizes of spherical scatterers obtained by fitting the repulsive structure factor
employing the Hayter-MSA-Structure model (see section 4 in the Supplementary Information).
Time / s

Diameter / nm

Charge

Ionic Strength / M

1800
2100
2400
2700
3000

0.5
1.2
0.6
0.52
0.56

60.3 ± 0.8
66.2 ± 5
10.3 ± 0.1
6.04 ± 0.02
2.02 ± 0.02

0.0156
0.0169
0.018
0.0191
0.02
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Abstract: Iron(III) hydrolysis in the presence of chloride ions yields akaganéite, an iron
oxyhydroxide mineral with a tunnel structure stabilized by the inclusion of chloride. Yet, the
interactions of this anion with the iron oxyhydroxide precursors occurring during the hydrolysis
process, as well as its mechanistic role during the formation of a solid phase are debated. Using
a potentiometric titration assay in combination with a chloride ion-selective electrode, we have
monitored the binding of chloride ions to nascent iron oxyhydroxides. Our results are consistent
with earlier studies reporting that chloride ions bind to early occurring iron complexes. In addition,
the data suggests that they are displaced with the onset of oxolation. Chloride ions in the akaganéite
structure must be considered as remnants from the early stages of precipitation, as they do not
influence the basic mechanism, or the kinetics of the hydrolysis reactions. The structure-directing
role of chloride is based upon the early stages of the reaction. The presence of chloride in the
tunnel-structure of akagenéite is due to a relatively strong binding to the earliest iron oxyhydroxide
precursors, whereas it plays a rather passive role during the later stages of precipitation.
Keywords: akaganéite; iron(III) hydrolysis; iron oxide; ion-selective electrode measurements;
titration assay

1. Introduction
The hydrolysis of iron(III) salts leads to a broad variety of iron(oxyhydr)oxides depending
on many different parameters such as pH, temperature and the anion present in the reaction
mixture [1–11]. These iron(oxyhydr)oxide species play an important role not only for numerous
applications but also as crucial materials for living organisms in different habitats [1,12,13]. In
biomineralization processes, bacterial cells produce a variety of iron minerals by precipitation,
whereas the organisms control the structure of the forming solid using different strategies [1,14–18].
For example, the negatively charged cell walls of iron mineral producing bacteria can bind the iron
cations. Nucleation and growth is then induced at the cell wall [14,18,19]. In these cases, the products
of biomineralization resemble the precipitates that are found in purely inorganic environments and
factors such as the presence of certain counter-ions determine which iron phase is formed [14].
Hence, understanding of inorganic mineralization is crucial for the understanding of the formation of
minerals by bacteria. Besides the precipitation processes induced by bacteria, several organisms are
known to transform iron (oxyhydr)oxides by oxidation or reduction reactions [1,13,15,16,20]. Typical
precursor phases for the transformation into the mixed-valent magnetic iron oxides magnetite and
maghemite are poorly crystalline phases such as ferrihydrite or akaganéite [17,20]. Akaganéite itself
can be obtained by bioinduced mineralization [17].
In inorganic systems, the presence of chloride ions is known to play a directive role in the
formation of akaganéite [1–3,5–8,21]. This mineral exhibits interesting properties due to its tunnel
Minerals 2015, 5, 778–787; doi:10.3390/min5040524
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structure, which can be exploited in different applications such as ion exchange or sorption [22–24].
While it is known that chloride ions are incorporated into the final structure of the product
when being present during the hydrolysis of aqueous iron(III) solutions, the complicated reaction
mechanisms of iron hydrolysis render a complete understanding of the directive properties of
chloride ions difficult. There have been ongoing debates on fundamental questions concerning
the reaction stage, at which the chloride ions direct the development towards akaganéite and get
incorporated into the structure. It has been suggested that chloride ions react with the earliest species
occurring during the hydrolysis reaction [25], and are then removed by hydrolysis from the growing
colloidal species after being bound within mono- and dinuclear complexes [25,26]. Recent molecular
dynamics simulations indeed show binding of chloride ions to mononuclear complexes, but they
are released simultaneously already to the formation of polynuclear clusters [27]. In contrast to
these studies, so-called akaganéite embryos have been suggested to form the final precipitate via
aggregation [28,29]. These embryos are considered as early products of the hydrolysis with structures
resembling the final crystal lattice. For the latter case, expulsion of chloride ions from the first
coordination shell of iron(III) ions was detected at the very onset of hydrolysis.
In addition to the above examples, the mechanistic role of chloride ions during iron hydrolysis
has been discussed frequently. Dousma et al. [25] described iron complexes with chloride ions
in a bridging position for early, low molecular species. In this case, the hydrolysis reaction is
promoted in the presence of chloride ligands, due to a decreased distance of the iron cores and an
increased stability of the specific conformation, which facilitates the reaction [30]. This suggestion
contradicts the picture, in which the chloride ion is merely a passive spectator and bridging by
chloride is explicitly excluded, but instead plays a key role during later aggregation processes [26,27].
The presence of chloride in the hydrolyzed species was in this case attributed to an incomplete
replacement by hydroxo- or oxo-ligands [26,28], which is essentially determined by the kinetics of
the process.
Herein, we address these debated key questions regarding the influence of chloride during the
early stages of iron(III) hydrolysis in aqueous systems. A titration assay with a chloride ion-selective
electrode (ISE) was implemented to measure quantitatively the amount of free (i.e., non-reacted) and
bound chloride ions throughout homogenous, controlled hydrolysis experiments. This experimental
setup enables a quantitative access to the distinct, early stages of the reaction. Chloride ISE
measurements during iron(III) hydrolysis have not been reported previously, and complement the
abovementioned studies. This enables us to contribute to the ongoing debate on the role of chloride
during akagenéite formation.
2. Experimental Section
2.1. General
All chemicals were used as received: iron(III) chloride hexahydrate (Sigma Aldrich, St. Louis,
MO, USA, purissimum pro analysi, ACS reagent, 98.0%–102%), hydrochloric acid (Merck,
Kenilworth, NJ, USA, 0.1 M), sodium hydroxide (Merck, 0.1 M), sodium chloride (VWR, Radnor,
PA, USA, 99.9%), sodium nitrate (Merck, 99.5%), iron(III)chloride nonahydrate (Sigma Aldrich,
purissimum pro analysi, ACS reagent, ě98%), nitric acid (Sigma Aldrich, purissimum pro
analysi, reagent ISO, reagent European Pharmacopoeia, ě65%). All solutions and dilutions were
prepared with water of Milli-Q quality, generated with a Milli-Q Direct water purification system
(Merck Millipore, Billerica, MA, USA).
2.2. Titrations
The hydrolysis of the iron(III) salts was performed utilizing an automated commercially
available titration setup provided by Metrohm (Filderstadt, Germany). The titration device (836
Titrando), which operates two dosing units (800 Dosino) is controlled by a custom-made software

779

Minerals 2015, 5, 778–787

(Tiamo 2.3, Metrohm). The dosing units are equipped with burettes holding special valves that
are designed to prevent diffusion and also allow dosing at minimal rates of 0.01 mL/min into the
titration reservoir. The valves were frequently cleaned with 0.1 M HCl. For the hydrolysis, 25 mL of
a 0.01 M HCl solution were adjusted to a desired pH value by the addition of 0.05 M NaOH solution.
Iron(III) chloride was dissolved in 0.1 M HCl to yield an iron concentration of 0.1 M. This solution
was dosed into the hydrochloric acid at a rate of 0.01 mL/min. During this addition, the pH-value of
the solution was measured with a pH electrode (Metrohm, EtOH-Trode, 6.0269.100), which features
an additional electrolyte reservoir shielding the inner electrolyte of the inbuilt reference electrode,
and automatically kept constant by the addition of 0.05 M NaOH. The outer electrolyte of the pH
electrode was replaced by 1 M KNO3 as the diffusion of the typically used electrolyte KCl through
the electrode membrane into the solution would lead to an increase of the chloride concentration.
3 M KCl was used as inner electrolyte solution owing to the requirements of the reference system.
The electrolyte solutions were replaced prior to every measurement. The pH electrode was calibrated
every week using standardized pH buffers (Mettler-Toledo, Giessen, Germany).
For the titrations with higher initial chloride concentration, 0.146 g NaCl was dissolved in the
25 mL hydrochloric acid, to which the iron(III) solution was added.
Replacement of chloride ions by nitrate was achieved by dissolving Fe(NO3 )3 ¨ 9H2 O in nitric
acid and adding this solution to 0.01 M HNO3 .
Cl´ -activities were measured with a solid-state ion-selective electrode (Metrohm, 6.0502.120).
Calibration measurements of the ISE were carried out by titrating a solution of 0.3 M NaCl and 0.3 M
NaNO3 to 0.01 M HCl that was previously adjusted to the desired pH value, while this pH value was
kept constant analogous to the titration experiments. For both investigated pH values, calibrations
were performed separately to account for activity effects [31], whereas the ionic strength was adjusted
as indicated above. Moderate continuous changes of the ionic strength during the actual experiments
were taken into account, based on the extended Debye-Hückel theory. The starting values of the ISE
signal at the beginning of each experiment slightly differed from the expected value of the (initially
known) chloride concentration. To avoid a systematic error, the electrode intercept obtained from
calibration was corrected to fit the starting concentration of each experiments. The minor respective
corrections were all within the standard deviation of the main electrode intercept determined by
averaging the complete data set of calibrations (N = 3 for each pH-value).
2.3. Isolation and Characterization of Precipitates
The solid products resulting from the titrations were isolated and characterized. Therefore, the
titration at pH 2.5 (respectively pH 2.7 for SEM/EDX analyses) was interrupted after titration over
night to obtain a sufficient amount of precipitate. As discussed below, for pH 2.0, no precipitate can
be obtained. The reaction solution was transferred into thick-walled polyallomer centrifuge tubes
(13 ˆ 51 mm, Beckman Coulter, Brea, CA, USA) and centrifuged for one hour at 32,000 rpm utilizing
a preparative ultracentrifuge (Beckman Coulter). The sediment was separated from the solution by
decantation and subsequently dried in a vacuum oven at 35 ˝ C. Freeze drying of the isolated samples
yielded the same product (data not shown).
Powder X-ray diffraction (P-XRD) measurements were performed using an AXS D8 Advance
diffractometer with a Göbelmirror PGM by Bruker (Billerica, MA, USA). The experiments were
carried out with Cu Kα radiation at a scanning rate of 0.15 2θ/min and the diffractogram was
background corrected to account for iron fluorescence.
A tabletop microscope TM 3000 from HITACHI (Tokyo, Japan) was used for scanning electron
microscopy (SEM) images and EDX measurements of the samples.
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3. Results and Discussion
3.1. Binding of Chloride Ions during the Early Stages of Hydrolysis
Titrations performed at two different pH values are shown in Figure 1. The graph displays the
amount of base that is required to maintain a constant pH level, plotted versus the concentration of
added chloride ions (which correlates with the addition of iron(III)). It can be directly seen that for
pH 2.0, no hydrolysis occurs, while at pH 2.5, a significant, nonlinear consumption of hydroxide
ions is observed, which asymptotically approaches a linear progression. This behavior is the direct
consequence of the complex hydrolysis reactions occurring in aqueous iron(III) solutions above ca.
pH 2.2, whereas the ligand exchange of aquo- and chloro-ligands by hydroxo-ligands is monitored
throughout the reaction. This exchange results in the generation of protons, as hydroxo-ligands are
only accessible from the self-dissociation of water molecules, which is minor at this pH level, and the
remaining protons are neutralized by hydroxide titration so as to maintain a constant pH.
Iron(III) oxy(hydr)oxide formation is based on the hydrolysis, as it yields the precursors for
two distinct mechanisms of bridging iron complexes, i.e., olation and oxolation [32–34]. The linear
increase in the hydroxide consumption during the very early stage of the reaction (asymptote in
Figure 1a) shows that the ligand exchange yields iron(III) complexes that contain not more than
one hydroxo-ligand per iron center. Quantitatively, one hydroxo-ligand is present only in 40% of all
iron(III) complexes during the early stage of the experiment. This is also consistent with a maximum
of one hydroxo-ligand per iron(III) ion for this early stage of the reaction. Bridging of the iron(III)
complexes via hydroxo-ligands (olation) cannot be traced by the titration experiments, as no protons
are generated or hydroxides consumed, and additional analyses are required to evidence or rule out
the presence of any such polymeric species. This will be subject to other work. However, in any case,
the deviation of the hydroxide consumption from the initially linear slope is due to an increasing
amount of protons produced upon hydrolysis. Thus, it is evident that the reaction from this point on,
i.e., starting with the first deviation from linear behavior, produces species that exhibit an increasing
hydroxo/iron(III) ratio (which is about 2.8 at the end of the experiment). These species start to differ
significantly from the initial iron(III) complexes containing only one hydroxo-ligand per mononuclear
iron(III) center (and any potentially existing olation polymers thereof). In principle, it can be (i) the
production of mononuclear iron(III) complexes containing more than one hydroxo-ligand; and/or
(ii) a change in the speciation of the bridges in polynuclear olation complexes that may already exist.
In the latter scenario, oxolation—i.e., the bridging of iron complexes via oxo-bridges—can occur
via either (iia) the release of a proton from an existing olation bridge, or (iib) the condensation of
two iron(III) centers, each of which contains one hydroxo-ligand, and may or may not be part of
a polynuclear complex. While process (iib) leads to the release of a water molecule that cannot be
seen in the titration, it initially requires the exchange of two hydroxo-ligands (as opposed to one
for olation), and both principle changes in reaction from olation to oxolation (iia/b) will lead to an
increasing production of protons, as observed experimentally. In this context it should be noted
that reaction path (iib) is based on close contact of two iron(III) complexes containing hydroxide
ligands, which applies to only 40% of the iron(III) ions with an all-over iron(III) concentration range
below 2 mM in the linear regime of the titration. Thus, while we cannot categorically exclude any
oxolation via mechanism (iib) during this early stage of hydrolysis, it is rather unlikely to occur to
any significant extent in the linear regime of the titration curve.
The hydrolysis development can be contrasted with the measured concentration of free chloride
ions at both pH-values (Figure 1b), shown together with the theoretical concentration given by all
added chloride ions. The measurements at the two pH-values differ significantly from the theoretical
values. At pH 2.0, 5% of the added chloride ions cannot be detected in the solution, as they are bound
to the iron species, which, however, do not hydrolyze (Figure 1a). This gives a ratio of bound chloride
ions, i.e., chloro-ligands to iron(III) ions in the solution of about 0.25, indicating that on average,
about a quarter of the iron complexes present in non-hydrolyzing solution contain chloro-ligands. At
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pH 2.5, a change in the development of the free chloride concentration during the titration experiment
is found.

Figure 1. (a) Titration data showing the amount of hydroxide ions consumed in the hydrolysis reaction
at pH 2.0 and 2.5 as indicated. The added asymptote (blue dashed line) is a guide for the eye to
identify the change in hydrolysis as the first deviation from the initially linear progression. The graphs
represent individual experiments; the reproducibility of the titration data is in general very good as
can be seen in Figure 3; (b) Corresponding development of the concentration of free chloride ions in
the solution from measurements with a chloride ion-selective electrode (ISE). The total added amount,
giving the theoretical chloride concentration, is shown in black. The graphs for titrations at pH 2.0
− σ are averaged values from at least three individual titrations (error bars display
(red) and 2.5 (blue)
+/´ 1-σ-standard deviations).

The point at which the amount of bound chloride decreases
coincides with the evident change
−
in hydrolysis reaction discussed above, within experimental accuracy. Since iron(III) and chloride
ions are continuously added, this leads to a decreasing Cl´ /Fe3+ ratio. The fact that the change
in the free chloride concentration coincides with the change in the hydrolysis mechanism (Figure 1a)
strongly suggests that this point correlates with the onset of oxalation. This is because our data shows
that within experimental accuracy, the hydroxo-ligand exchange, which initially yields mononuclear
iron(III) complexes containing a single hydroxo-ligand (or olation polymers thereof), does not
result in any release of chloro-ligands within experimental accuracy (asymptote in Figure 1a when
contrasted with Figure 1b). This suggests a similar binding for aquo- and hydroxo-ligands at the
corresponding concentrations, and we argue that additional hydroxo-substitution at single iron(III)
centers (mechanism (i) discussed above) cannot explain the onset of chloro-ligand release. The
formation of oxo-bridges (mechanisms (iia) and (iib) discussed above), however, will bring about
a much stronger and hence less dynamic iron-oxygen-bridging, and from the point of view of
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ligand binding strengths, the observed release of chloro-ligands relates to the dehydration (release
of aquo-ligands) upon condensation. This also confirms the findings of earlier studies, which claim
that chloride ions are expelled from the nascent mineral with proceeding reaction [25–27]. In addition,
our data strongly suggests that the chloride ions indeed remain in the complexes during all stages of
hydrolysis, but that their partial expulsion begins with the onset of oxolation processes.
3.2. Chloride Content of the Formed Precipitates
Precipitates of titrations were isolated and characterized. Reflexes in the P-XRD diffraction
pattern clearly evidence the presence of akaganéite as can be seen in Figure 2a (the corresponding
reflexes are labeled by red diamonds). Drying effects from the isolation procedure cannot be excluded,
but by different drying methods (vacuum, 35 ˝ C and freeze-drying) akaganéite was obtained,
indicating that drying effects play a minor role in this system, at least with respect to akagenéite
formation. EDX analyses (Figure 2b) enable an estimation of the chloride to iron(III) ratio of 0.09 in
the crystal structure. This is slightly higher than the reported chloride levels in akaganéite crystals,
which typically range from 2 to 7 mol % [1]. However, it has to be noted that the value obtained
here may be higher due to small amounts of NaCl in the sample. Nevertheless, the analyses confirm
akaganéite formation with incorporation of chloride ions into the crystal lattice. When comparing
this information to the titration experiments, our data indicate that the composition of the species
present during hydrolysis change throughout the proceeding reaction, starting as complexes with
a chloride to iron ratio of about 0.25, eventually resulting in akaganéite with a much lower ratio
of about 0.09. This strongly indicates that the suggested akaganéite embryos [28,29] can only occur
significantly after the onset of the oxolation processes. Earlier species contain distinctly more chloride,
and therefore, very likely have a different structure than the final akaganéite phase.

Figure 2. (a) Powder X-ray diffraction (P-XRD) scattering pattern of the isolated solid phase. The red
labeled reflexes correspond to akaganéite; (b) Left: SEM image of the precipitate. The scale bar is
20 µm. Right: EDS result obtained from the region labeled with the yellow circle.
μ

3.3. Influence of Chloride Ions on the Mechanism of Hydrolysis
The hydroxide consumption obtained from the titration data (see also Figure 1a) is a direct
measure for the reaction rates, and can thus be used to identify any possible influence of chloride
ions on the mechanism of hydrolysis. To that end, the titration experiment was carried out in the
absence of chloride ions, where the FeCl3 salt was replaced by FeNO3 , and instead of HCl, nitric
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acid was used. In another comparative experiment, the total chloride concentration of the reaction
solution was increased by the addition of 0.9 M NaCl to the starting solution. The titration data of the
experiments with different chloride concentrations are shown in Figure 3. It has to be noted that the
difference between the titration data shown in Figure 3a and b derives from the difference in pH and
thus different hydroxide concentrations in the solution.

Figure 3. (a) Comparison of the hydrolysis of iron(III) chloride (red) and iron(III) nitrate (black). The
titration was carried out at pH 2.7; (b) Titration data with different initial chloride concentrations at
pH 2.5. The chloride concentration of the regular experiment of 0.01 M (red) was increased by the
addition of NaCl to 0.1 M (black).

The data shows that the presence of the chloride ions has no influence on the reaction rate before
and after the change in hydrolysis mechanism (arguably onset of oxolation), as the titration curves
show the same behavior within the margin of error for all the investigated chloride concentrations.
However, we cannot exclude any significant influence of the chloride ions at higher chloride- or
iron(III)-concentrations. Nevertheless, the kinetics is not accelerated by an increased concentration
of chloride ions in this concentration range, contradicting the results obtained by Dousma et al. [25].
In that work, different behavior for the consumption of base was observed depending on the
presence and concentration of chloride ions, already in a much smaller range of− Cl´ /Fe3+ ratios
than investigated here. However, when compared to the titration experiments presented herein,
the concentration of the solutions used and their mixing rates were significantly higher. This is
problematic as homogeneous reaction conditions are crucial to examine the early stages of the
reaction [8]. This implies that mixing artefacts may compromise the data of Dousma et al. [25].
4. Conclusions
This study shows that chloride ions actively bind to the earliest iron oxide precursors, but
still play a rather passive role throughout the hydrolysis reaction of iron(III). The titration data
evidence no influence on reaction rates, excluding any active chloride bridging of multinuclear iron
complexes—as opposed to earlier studies [25]. With chloride in a bridging position, an earlier onset
of oxolation, and with it, a change in kinetics of hydrolysis would be expected as the chloride
concentration increases, which is not observed (Figure 3). For the non-hydrolyzing solution at
pH 2.0, an equilibrium ratio of free chloride to iron(III) ions is maintained. The same binding is
observed within experimental accuracy for the early stages of the hydrolysis at pH 2.5, indicating
that mainly aquo-ligands are replaced by the added hydroxide, whereas the binding of aquo- and
hydroxo-ligands is similar at the corresponding concentrations. As opposed to pH 2.0, however, the
free chloride increases during the later stages of the reaction at higher pH (Figure 1). This confirms
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not only that the chloride ions are displaced during the hydrolysis process; the data also strongly
suggests that this process coincides with the onset of the oxolation reaction. After this event, the
portion of bound chloride remains constant, and the iron(III) to chloride ratio decreases, as more
and more iron(III) is hydrolyzed. This is very likely due to chloride ions being entrapped in the
evolving more rigid (oxolated) iron oxyhydroxide structure, and these ions essentially end up as the
chloride content in the final akaganéite mineral (Figure 2). It is intuitive that the final chloride content
depends on the specific kinetics of the process, and heterogeneous mixing effects may account for
the differing observations of Dousma et al. [25]. Moreover, as the composition of the earliest formed
complexes significantly differs from that of the final solid, and expulsion of chloride ions towards the
final crystal arguably takes only place after the onset of oxalation, akaganéite embryos [28,29] cannot
occur before the onset of oxolation.
Taken together, the directive role of chloride ions towards the formation of akaganéite most likely
arises from ordering processes within oxolated structures, which may be triggered by the aggregation
of oxyhydroxide clusters (that contain the chloride). The cluster-based formation mechanism of
iron oxyhydroxide is rather well established [32,33,35]. We speculate that the development of the
tunnel structure of akagenéite is driven by the system's continuing drive to exclude chloride upon
cluster aggregation and ongoing oxolation (i.e., dehydration), which is thermodynamically preferred.
However, it is kinetically hindered, if not impossible, owing to the rigidity of the aggregating oxolate
clusters containing the chloride, and the chloride ions inside of an iron oxyhydroxide tunnel structure
may be essentially conceived of as nanophase separation. From this point of view, the structure of
akagenéite may be a compromise between the thermodynamics and kinetics of the process of iron
hydrolysis in presence of chloride. Ultimately, the formation of akagenéite would be due to the
thermodynamically preferable binding of chloride in the earliest iron oxyhydroxide precursors, as
opposed to the final iron oxyhydroxide phases.
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The interplay between polymers and inorganic minerals during the formation of solids is crucial for
biomineralization and bio-inspired materials, and advanced material properties can be achieved with
organic-inorganic composites. By studying the reaction mechanisms, basic questions on organicinorganic interactions and their role during material formation can be answered, enabling more
target-oriented strategies in future synthetic approaches. Here, we present a comprehensive study
on the hydrolysis of iron() in the presence of polyaspartic acid. For the basic investigation of the
formation mechanism, a titration assay was used, complemented by microscopic techniques. The
polymer is shown to promote precipitation in partly hydrolyzed reaction solutions at the very early
stages of the reaction by facilitating iron() hydrolysis. In unhydrolyzed solutions, no significant
interactions between the polymer and the inorganic solutes can be observed. We demonstrate that
the hydrolysis promotion by the polymer can be understood by facilitating oxolation in olation
iron() pre-nucleation clusters. We propose that the adsorption of olation pre-nucleation clusters
on the polymer chains and the resulting loss in dynamics and increased proximity of the reactants
is the key to this effect. The resulting composite material obtained from the hydrolysis in the
presence of the polymer was investigated with additional analytical techniques, namely, scanning
and transmission electron microscopies, light microscopy, atomic force microscopy, zeta potential
measurements, dynamic light scattering, and thermogravimetric analyses. It consists of elastic,
polydisperse nanospheres, ca. 50-200 nm in diameter, and aggregates thereof, exhibiting a high
polymer and water content. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4963738]

I. INTRODUCTION

The numerous solid iron() (oxyhydr)oxides exhibit
differing properties and are thus utilized in various
applications, e.g., ion exchange, sorption, or catalysis.1–4 They
form via the hydrolysis of iron() ions, and concomitant
and/or subsequent oxolation, e.g., condensation of the
as-formed hydroxo-complexes, depending on the reaction
parameters such as pH and temperature. In many experimental
settings, cluster- and particle-based pathways have been
observed for iron() oxide nucleation and growth.2,5–7 In
the early stages of iron() hydrolysis, small species in the
size range of 1-4 nm occur. Such polymeric clusters aggregate
to form the different crystalline materials.2,5,6,8 It was recently
proposed that iron() (oxyhydr)oxide precipitation in such
cluster-based pathways can be described within the notions
of the so-called pre-nucleation cluster (PNC) pathway.9 In
this model, in contrast to the classical nucleation picture,
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thermodynamically stable, partly hydrolyzed iron() clusters
constitute the earliest precursors, which are highly dynamic,
i.e., change connectivity and structure on time scales typical
for rearrangements in solution, and are thus considered
equilibrium species—solutes—of the homogeneous solution.
According to this hypothesis, the event of phase separation
is characterized by a decrease in the dynamics of the
PNCs, e.g., by the formation of additional or stronger
internal bonds. Dynamics slower than those in the solution
then render them a second, initially liquid phase, whereas
the interfacial surface is characterized by the transition
from high (mother liquid) to slow dynamics (dense liquid
nanodroplet). Driven by the reduction of interfacial surface
area, aggregation yields larger species, which ripen towards
the final stable or kinetically stabilized solid-state structure.
However, until recently, the speciation of PNCs in the
iron() oxide system and the mechanism underlying the
change in dynamics as a central event in phase separation
have remained unknown; it was shown shortly that at
low driving force for phase separation (i.e., pH < ∼3.0
and iron concentrations in the lower mM regime), solute
PNCs are clusters of Fe(OH)2+, i.e., olation polymers
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where the charge is most likely balanced by spectator
ions.10 Due to the lability of the bonds connecting the
iron() centers,11 the hydroxo-bridged olation PNCs are
highly dynamic, and the phase separation event is based
on the onset of oxolation; the formation of strong and
hence much less dynamic oxo-bridges within olation PNCs
is the key event underlying the molecular mechanism of
iron() oxide nucleation.10 Considering this, it is particularly
interesting, if and how macromolecular additives interact
with the stable solute PNCs and influence the onset of
oxolation, and with it, the phase separation mechanism. It
is known that polyaspartic acid (pAsp) interacts strongly
with precursors, intermediates, and final phases in various
mineral systems during their nucleation. It represents a
very efficient nucleation inhibitor for calcium carbonate.12,13
Furthermore, pAsp is known to stabilize polymer induced
liquid precursors (PILPs) in the CaCO3 system, which
offer great potential in bio-inspired materials chemistry.14,15
Thus, the presence of PNCs in the iron() oxide system
makes the investigation of the interactions with pAsp highly
interesting, especially in comparison with the pAsp CaCO3
system. Indeed, in the case of iron oxides, it is known that
additives, which can be spectator ions, small molecules,
or macromolecules, have an impact on size, morphology,
and phase identity of iron() (oxyhydr)oxides.3,4,16–19 It
is obvious that the addition of polymers with functional
groups that can interact with single ions, complex solute
precursors, intermediates, and solid phases will have an
effect on the multistep precipitation process. While numerous
sugars and some complexing anions such as phosphate,
sulfate, or silicates retard the transformation of amorphous
intermediates into crystals, other additives, e.g., oxalic acid,
promote the formation of crystalline species.16,20–22 Further
roles of additives include the adsorption of precipitates to the
additives, or the competition between organic additives and
Fe(OH)4− as ligands for growth sites in nascent nuclei.3,16,23
The polyanion polyacrylic acid (PAA) was observed to form
gels by complexing mononuclear iron() chloro complexes.23
It was argued that the polymer binds exclusively these
monomeric FeCl2+ species by chelating them with two
deprotonated carbonyl groups.23 A comparison of the iron()pAsp system with a similar case of CaCO3-poly(styrene
sulfonate) (PSS) seems promising for a more comprehensive
understanding of general additive effects on precipitation
in mineral systems. In the case of CaCO3-PSS, Ca2+ ions
were found to bind strongly to the additive, generating a
localized critical supersaturation, finally inducing localized
nucleation.24 This relates to the above-mentioned iron()(oxyhydr)oxide-PAA system,23 suggesting that there might be
common mechanism of polyelectrolyte additives influencing
distinct mineral systems via the sequestration of single
cations.
Studying the iron()-(oxyhydr)oxide-pAsp system is not
only highly interesting to confirm or refute this hypothesis but
also a detailed physical chemical understanding of the effects
of polymeric additives on the iron oxide precipitation pathway
during the pre-nucleation, nucleation, and post-nucleation
stages has not been achieved, while it is a pre-requisite for the
development of target-oriented synthetic strategies towards
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the generation of iron oxides with advanced properties, and
also new organic-inorganic hybrid materials. Such materials,
so-called composites, are built up from both organic and
inorganic components that are combined in one structure.
Composite materials unite the properties of the soft and
hard components and consequently exhibit properties that
are distinct from those of the single constituents.25 Due to
their potential numerous applications, iron oxide-polymer
composites are of high interest.23,26,27
The titration assay used in this study was specifically
designed to investigate the early stages of iron() hydrolysis.10
Herein, we demonstrate that it also yields information on
the changes in the pathway induced by the addition of
the polymer. Different analytical techniques were applied
to characterize the resulting precipitation product, and
complementary analyses enabled the characterization of the
material properties. It turns out that the addition of the polymer
delicately influences the iron() oxide precipitation pathway,
driving the phase separation event, as opposed to its strong
inhibitory effect in other mineral systems. Thus, we provide
fundamental insight into the mode of influence of pAsp on
the early stages of iron() oxide formation, highlighting that
polyanions may be particularly promising additives for the
generation of novel iron oxide-based composite materials in
the future.

II. EXPERIMENTAL
A. General

All chemicals were used as received: iron() nitrate
nonahydrate (Sigma Aldrich, puriss. p.a., ACS reagent,
≥98.0%), iron() chloride hexahydrate (Sigma Aldrich,
puriss. p.a., ACS reagent, 98%-102%), HCl (Merck, 0.1M),
NaOH (Merck, 0.1M), NaCl (VWR, 99.9%), and HNO3
(Sigma Aldrich, puriss. p.a., reag. ISO, reag. Ph. Eur.,
≥65%). The stock solutions of pAsp were obtained by
dissolving commercial Baypure C DS100 (MW = 1200 g/mol)
and (Mw = 1500-3800 g/mol) in Milli-Q water. All solutions
and dilutions were prepared with water of Milli-Q quality if
not indicated otherwise.

B. Titration assay

The hydrolysis was performed with an automated
commercially available titration setup provided by Metrohm
(Filderstadt, Germany). The titration device (836 Titrando)
which operates two dosing units (800 Dosino) is operated
with a commercial software (Tiamo 2.3) that controls the
dosing of the solutions. The dosing units allow dosing
volumes in increments as low as 0.2 µl through burette
tips, which are equipped with special valves preventing the
diffusion of solution into (or out of) the titration reservoir.
The pH values were measured utilizing an EtOH-Trode
pH electrode (Metrohm, 6.0269.100). The electrode was
calibrated regularly using three pH buffers (Mettler-Toledo)
and the inner electrolyte, 3M KCl solution (Merck), was
refilled before each titration. Turbidity measurements were
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carried out using a spectrosense turbidity sensor (6.1109.110)
equipped with a 610 nm laser. The titrations were performed
at ambient temperature of (22 ± 2) ◦C in 100 ml beakers. After
every titration, the glassware and the electrodes were cleaned
with water of Milli-Q quality. In the titration experiments,
a solution of 0.1M iron() chloride hexahydrate in 0.1M
HCl was added at a rate of 0.01 ml/min into 30 ml of
0.01M HCl that was adjusted to the desired pH value by
addition of the required amount of 0.05M NaOH prior to
the titration. This pH value was kept constant throughout
the titration by automatic counter titration of 0.05M NaOH
solution.
C. Titration in the presence of pAsp

Titrations in the presence of additives were carried out as
described in Sec. II B, but prior to titration, the desired amount
of a stock solution of 0.25 g/l pAsp or 2.5 g/l -aspartic acid
in water was added to the hydrochloric acid. The amount
of pAsp was 0.05 g/l and pAsp with a molecular weight of
1500-3800 g/mol was used if not stated otherwise. Analysis
of the composite material was carried out on samples drawn
at 550 s from the titration at pH 2.5, corresponding to an
iron() concentration between 0.26 and 0.3 mM if not stated
otherwise. This point was chosen as, according to the turbidity
measurements, the composite material of iron() oxide and
pAsp is just forming and no precipitation or significant
hydrolysis of surplus iron() ions is expected. It should be
noted that without pAsp, the system is in the pre-nucleation
equilibrium stage at this point, where no precipitation occurs
(see Sec. III and in the supplementary material).
D. Dynamic light scattering (DLS) and zeta
potential measurements

Measurements of the zeta potential and of size
distributions by DLS were carried out with a Zetasizer Nano
ZS (Malvern Instruments).
E. Atomic-force microscopy (AFM)

AFM images and force vs. distance measurements were
obtained in situ with a Nanoscope VIII (Bruker) and oxide
sharpened silicon nitride probes (PNP-TR, k = 0.32 N/m,
and tip radius <10 nm; NanoWorld) on samples drawn from
the titrations after 4800 s, i.e., at an iron() concentration
of 2.1–2.4 mM. These higher concentrations ensured that
an adequate number of particles attached to mica surfaces on
which the sample was placed for imaging. Samples containing
only the polymer or obtained following titration in the absence
of the pAsp were used as references.
F. Isolation of the precipitate

The composite material was isolated for analyses from the
titration assay. The solution was centrifuged with a preparative
ultracentrifuge at 30 000 rpm for 45 min and the resulting
sediment was freeze-dried.
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G. Electron microscopy

Scanning electron microscopy (SEM) measurements were
performed with a Zeiss CrossBeam 1540XB, and transmission
electron microscopy (TEM) images were recorded employing
a JEOL JEM-2200FS microscope operating at 200 kV. The
EDX spectra were obtained using a tabletop microscope
TM 3000 (HITACHI). For cryo-TEM, samples drawn at an
iron() concentration of 0.4 mM at pH 2.6 were spread and
blotted with a filter paper on lacey carbon filmed copper
grids. The resulting thin film was vitrified with liquid ethane
at its freezing point by quickly plunging the grids into it.
Specimens were examined at temperatures around 90 K
with a Zeiss/LEO EM922 Omega TEM also operating at
200 kV. For constant enhancement, zero-loss filtered images
were recorded at ∆E = 0 eV. Collected images were processed
with a background-subtraction routine and, where appropriate,
a smoothing filter was applied to reduce noise. In the
titrations for cryo-TEM, FeCl3 × 6H2O was replaced by
Fe(NO3)3 × 9H2O and accordingly HNO3 instead of HCl was
used.
H. Thermogravimetric analysis (TGA) and XRD

TGA was performed in an oxygen atmosphere with a
NETZSCH STA 449F3 Jupiter at a heating rate of 10 K/min
and a sample mass of 5.585 mg. XRD diffraction patterns were
collected utilizing a Bruker AXS D8 Advance diffractometer
with a Göbelmirror PGM at a scan rate of 0.86 2θ/min using
Cu Kα radiation. To account for iron fluorescence, the data
were background corrected.
I. Light microscopy

The size of larger particle aggregates before and after
rehydration was measured by light microscopy. Particles
adsorbed on a glass substrate from solution (µ-dish35 mm,high
Glass Bottom, ibidi, Martinsried, Germany) were dried
in a N2 stream and subsequently rehydrated in a water
vapor saturated atmosphere. Transmitted light images using
differential interference contrast of particles were recorded on
a Zeiss Axio Observer, using a 100× (1.46 NA) oil immersion
objective, a condenser set at 0.55 NA, and AxiocamMRm
(Carl Zeiss Microscopy GmbH, Jena, Germany).

III. RESULTS AND DISCUSSION
A. Titration assay

A central objective of this work is the elucidation
of the impact of pAsp on the precipitation pathway and
its interaction with iron() (oxyhydr)oxide precursors. A
titration setup providing slow mixing conditions at low pH
and iron() concentrations was utilized to investigate the
early species occurring during the iron() hydrolysis reaction
with and without pAsp or monomeric -aspartic acid. The
different additives were dissolved in 0.01M HCl to yield a
concentration of 0.05 g/l. Iron() chloride solution was then
slowly added to each individual mixture, while the pH level
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FIG. 1. Development of the transmission (arbitrary units, a.u.) of the reaction
solution in a titration experiment with increasing iron() concentration. In the
presence of pAsp, a distinct drop in transmission is observed that could not
be detected for the same concentrations of the monomer -aspartic acid or
in the absence of additives. An increase in molecular weight leads to a more
pronounced effect in the decrease of the transmission of the solutions. All
additive concentrations were 0.05 g/l.

was kept constant. The titration with the same parameters but
in the absence of additives served as a reference experiment.
pAsp of two different molecular weights (1200 g/mol and
1500-3800 g/mol) as well as the monomer -aspartic acid
was investigated to explore the effects of polymer speciation,
whereas also the effects of varying additive concentrations
were assessed. The titration was carried out at pH 2.5, and the
transmission of the reaction solution was monitored (Figure 1).
In the presence of the polymers, a distinct increase in the
turbidity of the reaction solution occurs at very low iron
concentrations, which cannot be observed in the absence of
the polymer, or in the presence of the monomer, -aspartic
acid (note that in the additive-free case, the solution is in
a pre-nucleation equilibrium stage at this point, where the
iron() concentration is very low, and iron oxides do not
precipitate, see Figure S1 of the supplementary material).
The sudden clouding of the reaction solution in the presence
of pAsp indicates a phase separation event. This effect is
more pronounced in case of the larger molecular weight of
the polymer (Figure 1). In all cases, the mass concentration
of the additives is the same and thus the number of moles
of functional groups, so the mere presence of the functional
groups at the given pAsp concentration does not cause any
precipitation. Thus, it can be concluded that the chain length
and possibly the structure of the polymer is crucial for the
clouding and may relate to salting out.
In order to gain insight into the mechanism causing the
very early onset of precipitation in presence of pAsp, as
opposed to the reference experiment, the hydrolysis reaction
was monitored with the titration assay: Throughout the
titration experiment, the pH value was kept constant and the
amount of NaOH solution that was required to maintain this
constant pH value was recorded. The amount of hydroxide ions
that is titrated for keeping the pH constant reflects the extent
of the hydrolysis of iron(), as the hydroxides are consumed
by neutralization of the protons generated in this process. The
polymer is protonated to more than 90% (pKa = 3.65)28 at this
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pH level (i.e., between pH 2.0 and pH 2.7) and can thus be
considered uncharged. As the concentration of the additive and
thus of its functional groups was very low (approx. 0.4 mM
carboxylic acid), the fraction of NaOH required for balancing
any potentially occurring deprotonation of the polymer was
negligible given the concentration of the added base (10 mM
at pH 2.0 at 550 s).
In the absence of pAsp, no hydrolysis takes place at
pH 2.0, and thus essentially no NaOH addition is required for
keeping the pH constant, but with increasing pH, progressively
more hydroxide ions are consumed and need to be replaced.10
Figure 2 shows the molar ratio of reacted hydroxide ions
(obtained from the base consumption) and added iron ions,
OH−/Fe(), in the presence of 0.05 g/l of pAsp 3800 at
four different pH levels (pH 2.0, 2.3, 2.5, and 2.7). The
comparatively large error bars at pH 2.0, where no hydrolysis
takes place, derive from the counter titration of minor pH
fluctuations caused by pH electrode tune-in, which gradually
level off during later times of the experiment, i.e., the error bars
become much smaller with proceeding time (thereby showing
unambiguously that the extent of hydrolysis is negligible at
pH 2.010). At higher pH values, the amount of hydroxide ions
that are consumed during hydrolysis becomes significant, and
these pH changes lead to a much faster tune-in of the electrode
signal, and thereby, smaller error bars are obtained already in
the early stages of the experiments.
The progression of the OH−/Fe() ratio (Figure 2) is a
measure for the extent of iron() hydrolysis, even though
it does not necessarily reflect the actual ratio in the formed
material, as there is no information on the localization of
reacted iron() ions: an unknown fraction of the added iron()
ions can be present in the solution as dissolved and just partly
hydrolyzed complexes, whereas the iron present in precipitates
may be fully hydrolyzed. The reference experiments without
pAsp show similar, constant, and low OH−/Fe() ratios.
At pH 2.0, also no OH− is consumed (Figure 2(a)). With
increasing pH, the OH−/Fe() ratio increases to ∼0.5 for
pH 2.3 and pH 2.5 and up to 0.75 for pH 2.7, which can be
assigned to an increasing extent of hydrolysis with increasing
pH.10 In the presence of pAsp, the dependency of the degree
of hydrolysis on the pH value is even more pronounced,
and the OH−/Fe() ratio also differs significantly from the
reference experiments, but only if hydrolysis occurs; there
is no significant difference for the experiment at pH 2.0
in the presence and absence of pAsp within experimental
error, and no precipitate is formed (Figure 3). At higher pH
values and in the presence of pAsp, however, a different
behavior can be observed. The OH−/Fe() ratio increases in
the beginning of the iron() addition up to a value of ∼2,
and then slowly drops to a lower level. This level becomes
higher with increasing pH and ranges from ∼0.5 at pH 2.3
to ∼1.0 at pH 2.7 at 2000 s. The higher OH−/Fe() ratio
observed in presence of pAsp and at all investigated pH
values higher than 2.3 is evidence for a direct influence
of the polyanion on the progress of iron() hydrolysis.
Interestingly, this is only the case if the pH-value of the
solution is high enough for hydrolysis to take place and
thus not observed for pH 2.0. Hence, it can be concluded
that the reaction is facilitated by the additive and occurs at
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FIG. 2. OH−/Fe() ratio during hydrolysis at different pH values. The dotted lines represent the reference experiments, which do not contain additives, and the
solid lines show titration data from hydrolysis in the presence of 0.05 g/l pAsp with a molecular weight of 3800 g/mol. (a) At pH 2.0, the curves show the same
shape within the error bar while at (b) pH 2.3, (c) pH 2.5, and (d) pH 2.7, the OH−/Fe() ratio in the titration experiments with pAsp is significantly larger than
in the reference experiments. The error bars display ±(1 − σ) standard deviations for 2 ≤ n ≤ 7 individual repetitions.

significantly lower iron() ion and hydroxide concentrations,
i.e., lower pH values, than in the absence of the polymer.
The presence of partly hydrolyzed species is fundamentally
required for the effect to occur. Moreover, at a higher
concentration of the additive, the observed effect becomes
larger (see Figure S2 of the supplementary material). This
suggests that the pAsp is used to capacity at this iron()
concentration. Consistently, during the later stages of the
experiment, the presence of the additive does not cause any
significant effects, and the reactions with and without pAsp
exhibit practically identical profiles upon ongoing addition
of iron() solution (see Figure S3 of the supplementary
material).
As monomeric -aspartic acid does not show any
hydrolysis promotion (Figure 1 and Figure S4 of the
supplementary material), the influence of the molecular weight
of pAsp was also examined. The maximum OH−/Fe()
ratio is larger than 2.0 for pAsp 1500-3800, while it is
around 1.25 for pAsp 1200. The level established during
ongoing iron() addition, however, is approx. 1.0 for both
polymers (see Figure S2 of the supplementary material).
When the adsorption capacity of the polymer is saturated
with inorganic species and iron() addition is continued,
the OH−/Fe() ratio subsequently decreases. Consistently,
an increase in pAsp concentration leads to an increase and
broadening of the maximum OH−/Fe() ratio (see Figure

S2 of the supplementary material). Above pH 2.3 and with
the same additive concentration, the maximum OH−/Fe()
ratio is almost equal (Figure 2(b)). For different molecular
weights, a correlation between the magnitude of the turbidity
change upon hydrolysis and therefore between the amount
of formed material and the maximum OH−/Fe() ratio is
observed (Figures 1 and 2). Since this maximum is established
very early on in the course of the experiment (Figure 2), this

FIG. 3. Development of transmission in a solution containing 0.05 g/l pAsp
(MW = 3800 g/mol) at different pH values.
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suggests that the mechanistic key step in precipitation is
initiated essentially with the first addition of iron() ions.
It can be concluded that the interactions between pAsp and
hydrolyzed iron() species are progressively promoted. The
latter have been demonstrated to qualify as PNCs, which
are dynamic iron hydroxide olation polymers.10 Significant
interactions between mononuclear, non-hydrolyzed iron()
species, and the polyanion, on the other hand, do not occur
and do not induce any precipitation. It is thus likely that
the production of HCl that was observed by Lindén and
Rabek23 during iron() hydrolysis in the presence of PAA,
and that was assigned to originate from PAA deprotonation
upon adsorption of mononuclear aquo/chloro complexes to
PAA chains, was also due to a promoted hydrolysis reactions
of the iron() ions, since their experiments were carried out
at pH values up to 7.
B. Precipitate characterization
1. Size determination

The material that precipitated upon clouding was
isolated and characterized with multiple analytical techniques.
Additionally, the reaction solution was analyzed with different
in situ analytics to provide insight into the structure and
properties of the obtained precipitate in solution. Transmission
electron microscopy (TEM), scanning electron microscopy
(SEM), in situ atomic force microscopy (AFM) (Figure 4),
light microscopy imaging (see Figure S5 of the supplementary
material), and dynamic light scattering (DLS) (see Figure
S6 of the supplementary material) revealed the presence of
polydisperse spherical particles in a size range of 10 nm to the
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µm range. Generally, the particle sizes observed using electron
microscopy were between 20 and 1 µm, while the values
determined with DLS (200 nm–1 µm) or light microscopy
(1.5 µm) were somewhat smaller. In the case of the latter
techniques, the resolution and contrast were insufficient for
the detection of smaller particles and to determine whether
the structures consist of aggregates, which are apparent in
electron microscopy. It is therefore possible and likely that
the large sizes detected with DLS, as well as the structures
observed in the light microscope are in fact due to aggregates.
Also, DLS is an in situ method while imaging with electron
microscopy requires isolation of the particles, including a
drying process. Aggregation was also observed by SEM,
where the samples were freeze dried. TEM grids, in contrast,
were prepared by placing a drop of the solution on the grid
and letting it dry under ambient conditions. Drying effects
can account for shrinking of the particles and thus explain the
observation of smaller species on average by this technique.
In the case of in situ AFM, the sample is not affected by
drying effects, and particles in a size range of 10-70 nm
are clearly observed (Figure 4(b)). We also observed that a
few particles especially larger ones are not attached firmly
on the mica surface and get removed by the tip during the
scan (see Figure S7 of the supplementary material), which
renders imaging of large precipitates (>100 nm) with AFM
impossible. For cryogenic-TEM, drying effects are also absent
as samples are prepared by rapid freezing in liquid ethane. In
cryo-TEM images, larger composite particles up to 100 nm
can be observed as well as aggregates of particles (Figure 6),
supporting the abovementioned considerations. It has to be
noted, however, that in cryo-TEM, the true diameter is difficult
to determine due to the low contrast in frozen hydrated
samples.
2. Composition of the material

In situ AFM analyses of the reaction solution on different
surfaces indicate that the precipitate is positively charged:
the precipitate was observed on bare mica surfaces, which
are negatively charged, but no material was detected on mica
that was modified to carry a positive surface charge using

FIG. 4. (a) TEM image of a drop of the sample, dried on the TEM grid.
(b) In situ AFM imaging of the reaction mixture. Particles with a size range
of 10-70 nm are clearly observed. (c) SEM image of the isolated, freeze-dried
material. All scale bars are 1 µm.

FIG. 5. TGA curve of the composite material isolated after 550 s from a
titration carried out at pH 2.6.
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poly-lysine (see Figure S8 of the supplementary material).
This is consistent with zeta potential measurements, yielding
17.1 (±4.3) mV for the particles. In situ distance-force
measurements give a Young’s modulus of 520.73 ± 25.41 kPa
for the spheres. This value demonstrates that the deposited
material is very soft, lying in the same range as nanocomposite
gels,29 diatom cells,30 and human tissues,31 and thus provides
evidence for the presence of pAsp within the material (see
Figure S9 of the supplementary material). This is further
corroborated by thermogravimetric analysis, where the first
observed weight loss at temperatures between 60 and 170 ◦C
can be assigned to a water content of 6%-7% (Figure 5).
Degradation of the pAsp causes a relative weight loss
of about 49% in a temperature range of 190–240 ◦C. This
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reveals the high polymer content of the material, explaining
its softness and shrinkage upon drying. Swelling experiments
were conducted to determine whether the material can be
classified as a gel. For that purpose, the sample, dried with
a nitrogen stream, was examined by light microscopy and
the size of selected particles or particle agglomerates were
measured. Subsequently, a drop of water was placed on the
sample and images were taken every half hour for 6 h.
It can be seen from the images and the size profiles prior to
rehydration and after 6 h in water, that no measureable change
in size occurs (see Figure S5 of the supplementary material)
and hence, that the material is not a gel (there is no reversible
swelling). Furthermore, crystallinity of the composite material
was examined by X-ray diffraction, as in cryo-TEM images,
needles and other seemingly crystalline particles can be
observed (Figure 6). These crystals occur at stages of iron()
hydrolysis at which in the absence of additive, only reversible
olation and ligand exchange reactions take place (see Figure
S1 of the supplementary material). The obtained diffraction
pattern suggest an amorphous structure; however, crystallinity
may be missed due to their small size and number. In any case,
the formation of (potentially crystalline) particles is highly
interesting as without additive at a comparable concentration,
no precipitates are formed at all.

IV. CONCLUSION

The iron()-oxide-pAsp system represents another
example for the distinct influence of a polymeric additive
on particle formation13,32 leading to the formation of a
solid—composite—phase. The polydisperse particles formed
in the presence of pAsp during the earliest stages of
the hydrolysis reaction consist of both polymer and iron
(oxyhydr)oxides and exhibit a slightly positive charge while
being comparatively elastic and soft. However, the inability
of the composite to reversibly swell and de-swell to larger
and smaller sizes by rehydration and dehydration, all
respectively, shows that the material is not a gel. Within
the polydisperse composite material, iron (oxyhydr)oxide
precipitates, which are potentially partially crystalline, are
formed at very low iron concentrations of 0.4 mM at

FIG. 6. Cryo-TEM images of partly hydrolyzed iron() salt in the presence
of polyaspartic acid with a molecular weight of 3800 g/mol. The in situ
technique shows similar features as seen in images obtained with SEM and
TEM. Scale bar is 100 nm. Possibly crystalline needles can be observed in
the sample (between red arrows in (b)).

FIG. 7. Scheme illustrating the progression of hydrolysis in iron() systems
without and in the presence of pAsp. With pAsp, the onset of oxolation,
which is the molecular basis of the event of phase separation in the iron()
(oxyhydr)oxide system,10 can occur at much lower iron() concentrations
and to a higher degree due to the adsorption of olation prenucleation clusters.
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pH 2.5. Titration experiments shed light on the mechanisms
underlying the additive effects. In non-hydrolyzed solutions
at pH 2.0, the pAsp and the iron ions do not form any
composite material nor does the hydroxide uptake increase
in comparison to the reference experiments not containing
polymer. Only in solutions possessing higher pH-values and
therefore containing partly hydrolyzed olation PNCs,10 the
composite material forms. The hydroxide consumption cannot
be rationalized with deprotonation of the polyacid and is thus
assigned to a facilitated hydrolysis reaction. No precipitation
at all is observed in the absence of the pAsp at these stages.
The polymer promotes the hydrolysis and condensation of
iron() (oxyhydr)oxide but does not induce these processes in
non-hydrolyzed solutions. The interaction between pAsp and
iron() olation pre-nucleation clusters at higher pH levels is
unlikely to result from electrostatic interactions. The polymer
chains barely carry any charge due to the low pH value, and
the zeta potential of the composite material determined here
lies in the same range as that of the PNCs in the system
without additives.10 The molecular weight of the pAsp has
no significant effect besides the formation of more material
when a larger molecular weight is used, but in presence
of the monomeric -aspartic acid, no precipitate is formed.
This shows that the functional groups alone do not account
for hydrolysis promotion and thus precipitation. In fact, the
proximity and alignment of carboxyl functionalities along
the polymer chains seem to be crucial for the observed
effects.
It can be concluded that partly hydrolyzed olation PNCs10
play a key role in the precipitation pathway of iron()
(oxyhydr)oxides and explain the effects of pAsp based on
PNC-pAsp interactions. We propose that the olation PNCs
are adsorbed onto the pAsp, thereby facilitating the ongoing
hydrolysis towards oxolation. We suggest that this is due to
the close proximity and arrangement of the involved atoms,
allowing for the occurrence of oxolation reactions within
PNCs at significantly lower iron() concentrations than in
additive-free scenario (Figure 7). Moreover, the adsorption
of the olation PNCs on the pAsp chain prevents hydroxobridges from breaking, thus providing optimal conditions for
promoting the onset of oxolation, which is the molecular
basis of the phase separation event in this system.10 Last
but not least, it must be noted that the role of pAsp in
iron()-oxide formation is fundamentally different from the
case of calcium carbonate, where this additive is a strong
inhibitor of nucleation and stabilizes liquid intermediates.12–15
Polyanions that promote calcium carbonate formation, on the
other hand, seem to rely on the segregation of single calcium
ions,24 as opposed to the cluster-based mechanism described
here.
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SUPPLEMENTARY MATERIAL

See the supplementary material for additional titration
data, swelling experiments, DLS, AFM images, and force
distance measurements.
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Supporting Information:
Polyaspartic acid facilitates oxolation within iron(III) oxide pre-nucleation clusters
and drives the formation of organic-inorganic composites

Titration data
To obtain information on the equilibrium state of the reaction, the titration experiment
was carried out as described in the experimental and run over an extended period of
time. The iron(III) addition was stopped at different stages of the reaction and the
subsequent pH development was monitored. As can be seen in Figure S1, for reaction
times of less than 7000 s, the pH value stays constant, indicating that the reaction is in
an equilibrium and no further hydrolysis takes place without an increase in iron(III)
concentration. At later stages of the reaction (after 9000s), the pH value decreases after
stopping iron(III) solution addition, indicating an ongoing hydrolysis for these reaction
stages. This effect has been discussed in detail elsewhere [1]. In short, in the stages
during which no hydrolysis takes place when the iron(III) addition is stopped, the
reaction is in an equilibrium and phase separation cannot proceed. The only present
species are solute, thermodynamically stable pre-nucleation clusters (PNCs). When the
iron(III) addition is stopped but the hydrolysis proceeds (the pH continuously drops), the
reaction proceeds toward phase separation. The red arrow in Figure S1 indicates the
time point at which in the additive containing experiments, samples were taken for
characterization. It is located clearly in the very early equilibrium stage of the hydrolysis
reaction. At the time of isolation, however, the samples in the presence of pAsp already
exhibit a significant turbidity (Figure 1 in the main manuscript).
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Figure S1. a) Titration data from an experiment in the absence of pAsp, running over an
extended period of time. The red arrow represents the time point (550s) at which the composite
material was isolated for material characterization. The vertical lines indicate the time points at
which the titration was stopped. b) Development of the pH value after stopping iron(III) addition.
At early time points, at which clouding was observed only in presence of pAsp, the reaction is in
an equilibrium in absence of pAsp, which can be seen from the constant pH after stopping the
iron(III) addition.

Figure S2. a) OH-/Fe(III) ratio at different concentrations of polyaspartic acid. The experiments
were carried out at pH 2.6. b) OH-/Fe(III) ratios for the experiment at pH 2.5 in the presence of
pAsp with different molecular weights.

Figure S3 shows a comparison of the titrations with and without pAsp over a longer time
scale. The effects that are discussed in this study take place at very early times of the
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reaction as the red circle indicates. It can be seen that the further development of the
reaction does not depend on the presence of pAsp, which can be assigned to its low
concentration suggesting that its adsorption capacity is saturated already after a short
reaction time.

Figure S3. Titration data of iron(III) hydrolysis over a longer time scale without pAsp and with
two different concentrations of pAsp with a molecular weight of 1500-3800 g/mol. The relative
changes on the titration data caused by the additives are only significant during the very early
stages of the reaction (red circle).
Figure S4 shows the OH-/Fe(III) ratio in the presence of the monomeric species L-aspartic acid.
A comparison with a titration without any additives at the same pH value shows the same ratio
and no influence of the monomer on the hydrolysis behavior.
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Figure S4. OH-/Fe(III) ratio of the titration with the monomer L-aspartic acid in comparison with a
reference experiment not containing additive. Both titrations were carried out at pH 2.5.

Light microscopy / Swelling experiments

Swelling experiments have been conducted to determine whether the material can be
classified as gel. After drying and subsequent re-swelling in water for six hours, the
particles exhibit no increase in size, as can be also seen in the particle profile.
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Figure S5. Negatives of light microscope images of partly hydrolysed iron(III) solution in the
presence of poly(aspartic acid). The size of the particles is much higher than the ones obtained
in electron microscopy, however, the resolution is not high enough to determine, whether the
observed structures are aggregates or single particles. The sample was dried under a stream of
nitrogen, and rehydrated in an incubator cell. a) Directly after the addition of water, b) after 360
minutes in water. The scale bars are 10 µm. c) Exemplary particle profile of a selected particle
before and after rehydration. The particle is marked with a red circle in a) and b). The black
vertical lines in c) are a guide for the eye for size determination. The particle profiles are ystacked for sake of clarity. Several particles were analysed for size changes but no swelling
could be detected.
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DLS

Figure S6. Size distribution of the particles obtained with DLS.

AFM experiments
AFM images were obtained in situ from samples drawn from the titration. The sample
was placed on a mica surface. Samples containing only the polymer and a titration in the
absence of the pAsp were used as references. In both cases no particles occurred.
The observed particles in the experiment are relatively small in comparison to the
sizes obtained from DLS. By scanning larger areas of the surface the earlier scanned
square can be identified because of a lower particle density in this area (Figure S7a).
Also, kick-off of particles during the scanning process was observed as shown in SI
Figure S7b. It can be assumed that the cantilever pushes away the larger, less firmly
attached particles by tapping over the surface.
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Figure S7. AFM images from samples taken from the titration. a) Earlier investigated area
(within the red rectangle) shows lower particle density. b) Particle gets removed from the surface
by the AFM tip during the scan.
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As mica exhibits a slightly negative surface charge, it was modified with polylysine to
obtain a positively charged substrate (SI Figure 3). No material was adsorbed to the
substrate, indicating a positive charge of the particles. The pAsp can be considered
uncharged due to the low pH value of the solutions. A positive charge can be explained
with the uptake of positively charged iron species.

Figure S8. Sample from the titration experiment on a mica surface modified with polylysine for a
positive surface charge.

Distance force measurements were carried out on six distinct particles. An example for
approaching and retracting curve is shown in Figure S9. The spring constants of the
material is 0.3118 ± 0.008 N/m. The Young’s modulus was obtained using the following
equation for a parabolic tip [2]:
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where F is the force, E is the Young’s Modulus, v is the Poisson ratio, R is the radius of
the tip, δ is the indentation and δ0 is the contact point.

Figure S9. Distance-force measurements. The red line is the approaching, the blue line the
retracting curve.
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