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ABSTRACT: Herein we demonstrate that meticulous and in-depth analysis of the reaction 

mechanisms of nanoparticle formation is rewarded by full control of size, shape and 

crystal structure of superparamagnetic iron oxide nanocrystals during synthesis. Starting 

from two iron sources - iron(II)- and iron(III) carbonate -a strict separation of oleate 
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formation from the generation of reactive pyrolysis products and concomitant nucleation 

of iron oxide nanoparticles was achieved. This protocol enabled us to analyze each step 

of nanoparticle formation independently in depth. Progress of the entire reaction was 

monitored via matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) and gas chromatography (GC) gaining insight into the formation of 

various iron oleate species prior to nucleation. Interestingly, due to the intrinsic strongly 

reductive pyrolysis conditions of the oleate intermediates and redox process in early 

stages of the synthesis, pristine iron oxide nuclei were composed exclusively from 

wustite, irrespective of the oxidation state of the iron source. Controlling the reaction 

conditions provided a very broad range of size- and shape defined monodisperse iron 

oxide nanoparticles. Curiously, after nucleation star shaped nanocrystals were obtained, 

which underwent metamorphism towards cubic shaped particles. EELS tomography 

revealed ex post oxidation of the primary wustite nanocrystal providing a full 3D image of 

Fe2+ and Fe3+ distribution within. Overall, we developed a highly flexible synthesis, 

yielding multigram amounts of well-defined iron oxide nanocrystals of different sizes and 

morphologies.
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Superparamagnetic iron oxide nanocrystals (SPION) exhibit exceptional magnetic 

properties  and play a crucial role in various research areas providing the basic concept 

of many future key technologies.1 In medicine, SPIONs are used as MRI contrast 

agents2,3 and tracers for magnetic particle imaging (MPI).4 Newly, SPIONs constitute as 

core components of ceramic-organic nanocomposites with outstanding features opening 

intriguing perspectives in material sciences.5 All these applications demand for a superior 

quality of the nanocrystals (NC). In particular, properties like size, monodispersity, crystal 

structure and shape are of paramount importance. In order to expand and exploit the 

scope of technical applications, robust and scalable synthetic routes with full control of 

these parameters are needed. 

Magnetic properties of SPIONs strongly depend, e.g. on size, shape and crystal 

structure. The size not only determines whether the particles display ferromagnetic or 

superparamagnetic characteristics, but also their saturation magnetization and their 

blocking temperature6. Likewise, the shape of the SPIONs allows manipulation of the 

magnetic properties.7 Hence, an irregular shape e.g. octapods alters the performance of 

Page 4 of 65

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

T2 weighted MRI8 and cubic magnetite NC showed a higher blocking temperature, rather 

than spherical particles.9 Similarly, three of the most common crystal modifications, 

namely magnetite (Fe3O4), maghemite (γ-Fe2O3) and wustite (FeO) differ significantly in 

their saturation magnetization characteristics.10 Arrangements of these materials e.g. in 

core-shell composites display exchange bias between a ferromagnetic magnetite shell 

and a paramagnetic wustite core. This effect is systematically exploited e.g. in magnetic 

sensors and hard drives.11,12 

However, a purposeful manipulation of the leading triad of size, shape and crystal 

structure is hampered by numerous intertwined variables, which severely restrict the 

scope of the synthetic outcome. Hence, the goal of an advantageous synthesis is to 

unravel these key parameters in order to gain full control over the reaction path. Besides 

reproducibility and scalability, an optimal synthetic route will offer the flexibility to 

simultaneously tuning the properties, providing high yields of particles in superior quality. 

Herein we introduce iron(II)- and iron(III) carbonate as well accessible iron source for 

SPION synthesis via thermal decomposition of iron oleate. Advantageously, this 

approach allowed preparation of pure iron oleate, hence not only preventing the influence 
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of counter ions, like e.g. chloride in subsequent steps8, but even more importantly 

separating oleate formation and nucleation by a thermal window of at least 80 K. We 

exploited this feature in a comprehensive study by MALDI-TOF MS in combination with 

GC for the characterization of various iron specimens along the reaction path. 

Here, we show that the chemistry of iron oxide NC formation in the presence of oleic 

acid is much more complex than hitherto assumed. It includes the formation of 

polynuclear iron oxide complexes with pronounced redox catalytic properties and ends in 

pure wustite particles, independent of the valence state and the counter ions of the initial 

iron source. We will also discuss the role of a polymeric iron oleate network being formed 

prior to nucleation as well as kinetically and thermodynamically controlled processes 

during particles growth. 

Results/Discussion

Iron sources and their influence on resulting iron oleate (FeOA) 

A major obstacle in the high temperature preparation of SPIONs is the purity and 

composition of the iron oleate (FeOA), on which various syntheses rely on. Therein, 
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7

different iron compounds, e.g. FeCl313, Fe(acac)314, FeO(OH)15 and [Fe(CO)5]16 serve as 

iron source of FeOA. Subsequent heating generates a series of iron oleate intermediates, 

which in turn may drive nucleation and growth in very different directions.17–20 For 

instance, FeCl3 as iron source may provide different morphologies of SPIONs dependent 

on the purification process of the iron oleate, e.g. remaining chloride ions were believed 

to induce octapod shape formation.8,21 Extractive purification of the as-prepared FeOA 

complex with ethanol and acetone removes chloride ions but results in irreproducible loss 

of OA molecules.19 Especially, the ratio of Fe to OA is utmost critical for nucleation and 

growth of iron oxide NCs. A complete reorganization of the FeOA complexes and a 

dramatic change of its thermal behavior was reported, indicated by an increase in the iron 

oxide nucleation temperature, thus decreasing the kinetic separation between nucleation 

and growth processes and affecting the particle size and particle size distribution.19 Our 

experiments with FeO(OH) and Fe(acac)3 indicate the temperature window between the 

formation of FeOA and the successive steps of intermediates generation (pyrolysis 

products) often be small and overlapping. 
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In summary, minute alterations may cause drastic changes in size, size distribution and 

morphology. Thus, reliable process controls remain a formidable challenge. 

Iron(II)- and iron(III) carbonate as iron source 

Herein we report a iron source system based on iron carbonates, overcoming utmost 

all issues, discussed above. Pure iron(II) carbonate was conveniently precipitated by ion 

metathesis of Na2CO3 and FeSO4 under inert conditions. Highly soluble Na2SO4 was 

removed by rinsing with water. In contrast to most iron salts iron(II) carbonate is much 

more stable than iron(III) carbonate which always contains a large fraction of Fe(OH)3 and 

FeO(OH). Nevertheless, both iron sources could be exhaustively reacted to FeOA by 

gentle heating to 60 °C in OA. The decomposition products, namely CO2 and H2O were 

easily removed at 120 °C under vacuum. After removal of water the reaction mixture was 

of dark brown color, which on further heating gradually brightened up to a clear light yellow 

solution at 330 °C, suggesting the formation of metal-to-ligand charge transfer complexes.

Iron oleate composition: Profound insight via MALDI-TOF MS and GC (TCD)
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Herein the high purity of the starting Fe(II) and Fe(III) oleates strongly facilitated 

elucidation of the complexes formed during the reactions. Numerous FeOA complexes of 

different composition were identified in the Fe(II) and Fe(III) oleates by MALDI-TOF MS 

(positive ionization modus) in a mass range of m/z = 350 to 4500. All detectable signals 

with a S/N >5 were considered and discussed. The mass range of 2 to 20 kDa was 

analyzed and in contrast to an earlier report, no complexes with higher m/z than 3195 Da 

could be detected.18 Unexpectedly, we only found [M]+, but no [M+H]+ molecular ions. 

This could either be explained by an artifact by iron oxidation in MALDI-TOF during 

ionization, or by charging due to loss of an oleate molecule (OA-) [≙ 281.24 Da]. Our data 

strongly supports the second hypothesis, because the main peak at m/z = 955.6 is hardly 

to be explained other than loss of oleate as the calculated isotopic distribution shown as 

well (Fig.1 a). Moreover, MS-MS experiments described below clearly indicate further 

fragmentation of the observed complexes by loss of oleate (OA-) ligands.

All reactions for MALDI-TOF analysis were performed with pure (>99.0%(GC)(T)) oleic 

acid, because linoleic acid, the typical contaminant in the technical grade OA, causes [M-
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2]+ peaks, which make adequate analysis more difficult (for more details see section 

Materials and Methods and SI chapter 4).

Initially, Fe(II)CO3 resp. Fe(III)CO3 was reacted with an excess of OA at 60 °C until the 

end of CO2 evolution and the formation of a clear solution. The resulting reaction products 

showed the following signals in MALDI-TOF: m/z = 955.6 - 1,308.7 - 1,590.0 - 1,871.2 - 

1,927.2 - 2,208.4 - 2,561.6 - 2,842.8. A compilation of the corresponding mass spectra 

and by evaluation the mass spectra appropriate iron(II/III) oleate compositions are 

presented in Fig. 1a. The agreement between theoretical and experimental values is 

excellent. Heating was continued, and samples were taken under nitrogen and analyzed 

in approx. 50 K steps (Fig.1b, c).
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Figure 1. Mass spectra and calculated isotopic distribution with a S/N >5 of formed iron 

oleates after reaction of Fe(II) carbonate with oleic acid at 60°C and sum formula of the 

corresponding [M]+ iron(II/III) oleates a). Relative MALDI-TOF MS peak areas measured 

during the heat-up process of iron oleate resulting from b) iron(II) source and c) iron(III) 

source at different temperatures. 
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Surprisingly, the complexes originating from Fe(II) and Fe(III) oleates showed striking 

similarities even at 60 °C. Eight identical complexes were detected in both series, only 

differing in intensities (Fig. 1b, c). Similarly astounding is that in early stages of the 

reaction mostly mixed valence carboxylate bridged iron complexes are formed, indicating 

redox processes prior to pyrolysis and its associated reduction processes due to H2 and 

CO.17,22 One of a few exceptions to this mixed valences is m/z = 955.6, correlating to a 

composition of [(FeII)2(OA-)3]+ and being the predominant complex, when starting from 

iron(II). All complexes are comprised of subunits of oleate(OA-) as well as iron(II/III) and 

iron(II/III) oxides. The results were supported by MS/MS spectra of the corresponding 

molecular ions, e.g. the molecular ion of 955.6 Da fragmented into one oleate ion and two 

Fe(OA) [≙ 337.18 Da] species, thus confirming the former allocation (Figure SI 7). Due to 

relatively small changes during heating, when starting from iron(II) source, we further 

describe the temporal evolution of redox processes, starting from iron(III).

Recently it was suggested that the majority of iron(III) oleate contains µ-oxoiron 

species,22–26 and consists either of [(FeIII3O)(OA-)6](OA-)·3H2O 22 or [FeIII3O(OA-)6](OA-) 
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26. The structure of the [(FeIII3O)(OA-)6](OA-)·3H2O complex was proposed on the basis of 

magnetic susceptibility measurements and in both studies experimental data were 

presented, proving the absence of iron(II). Indeed, we also found the [(FeIII3O)(OA-)6]+ 

complex (m/z = 1871.2), but beside this pure iron(III) µ-oxoiron complex a number of 

mixed iron(II)/iron(III) µ-oxoiron complexes have formed as well. However, irrespective of 

starting with iron(II) or iron(III) source we found even at 60 °C the most frequently 

represented complexes with masses of m/z = 2561.6, 2208.4 and 1590.0 correlating to a 

composition as shown in fig. 1a. In case of using iron(II) carbonate as iron source the 

amount of mixed iron(II)/iron(III) µ-oxoiron complexes with higher content of iron(III) as 

m/z = 1871.2 and m/z = 2842.9 was significant less represented (Fig. 1b) and reversed if 

iron(III) carbonate as iron source was used, here m/z = 955.6 and m/z = 1927.2 (Fig. 1c). 

The occurrence of iron(II)/(III) oleate complexes indicate a redox process in early stages 

of the reaction.

Remarkably, µ-oxoiron(II)iron(III) complexes are reported to be redox active and 

therefore used as catalysts for both oxidation and reduction.27 The catalytic activity for 

oxidation28,29 and reduction30 was shown even at temperatures of 60 °C. Based on these 
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observations, we propose a mechanism for the reduction, which is due to oxidation of 

containing complex-bound water and/or oxygen in oxidation state (-II). (As described 

above, by dissolving iron (II) or iron (III) carbonate in OA water was released).

2 [2842] 5 [955]
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2 [2561] 2 [1927] + [955]
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[(FeII)2(OA-)3]+ + O2

[(FeIII)4(FeII)(O-II)2(OA-)9]+ [(FeII)2(OA-)3]+ + O2

a)

b)

+

+

[FeIIIFeII(FeIIO)(OA-)4]+
+ H2O

+ ½ O2 + 2 OA- + 2H+

c)

50 100 150 200 250 300
0

25

50

75

100

In
te

gr
at

ed
 P

ea
k 

A
re

a

Temperature / °C

 N2

 O2

CO
 CO2

Figure 2. a) Proposed mechanism for the reduction process involving oxidation of oxygen 

in oxidation state (-II) and the corresponding conversion of the iron oleate complexes b) 

proposed mechanism for the reduction process involving oxidation of complex-bound 

water. It should be noted that for all reaction mechanism in a) and b) the formulas of the 

direct measured m/z were used (loss of one OA- in each case). As a result of this, in all 

mechanisms formally molecular oxygen is released, which was proven by gas 
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chromatography analysis. c) results of chromatography analysis of the control experiment 

using air instead of nitrogen to demonstrate oxygen consumption (SI chapter 5).

During reaction of iron(III) oleate an increase of the relative peak intensity of m/z = 955.6 

([(FeII)2(OA-)3]+) was observed starting at approx. 150 °C (Fig. 1c). We propose a 

transition of the mixed valence carboxylate bridged iron complexes to pure iron(II) 

complex with m/z = 955.6 as shown in Figure 2a. In this mechanism formally molecular 

oxygen is released, which was proven by head space gas chromatography. Astonishingly, 

the highest measured oxygen concentration was only 5 % at a reaction temperature of 

60 °C, which is below the expected value of quantitative reaction (Figure SI 10). With 

increasing reaction temperatures no further oxygen could be detected. We supposed that 

the released oxygen was consumed by redox reactions within the solution. As shown in 

a control experiment (particle synthesis under aerobic conditions) (Fig. 2c) the entire 

oxygen is consumed by chemical reactions starting already at temperatures below 

100 °C. Oxygen consumption at such low temperatures may be due to the catalytic 

activity of (µ3-oxo)triiron cluster at m/z = 1590.0. Ito et al. reported the catalyzed 
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epoxidation of olefinic alcohol acetates by molecular oxygen in presence of (µ3-oxo)triiron 

cluster complexes already at 60 °C.28 Another control experiment using OA and air under 

the same conditions, however the absence of iron, showed increased consumption of 

oxygen only after heating to above 140 °C, supporting the catalytic role of iron/ iron oleate 

complexes in this process (Figure SI 11). 

Degradation of OA starts at approx. 150 °C as indicated by the formation of CO2 and 

CO. Note that this temperature window lies in the range of FeOA production, when other 

frequently used iron sources like iron hydroxide or acetylacetonate are used. In these 

cases FeOA formation and degradation happens concomitantly and is, thus, a serious 

obstacle in controlling the reaction conditions. By using iron carbonate as iron source 

FeOA formation is strictly separated from iron oxide intermediates formation by a large 

“thermal window” of about 80 K. No significant changes of the FeOA complexes can be 

observed in the temperature range of 60 °C to 140 °C (Fig. 1 b-c). While taking samples 

in the temperature range between 320 – 340 °C we observed an increase in viscosity and 

a slight increase of the boiling point. During this reaction period all FeOA complexes 

formed at lower temperatures decreased in intensity and disappeared shortly after 
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nucleation as indicated by MALDI-TOF. Instead, we observed peaks, which cannot be 

assigned to well-defined FeOA complexes. The measured masses most probably stem 

from iron complexes formed by degradation products from pyrolysis of OA as indicated 

by the isotopic distribution in MS. The observed viscosity increase might be explained by 

the formation of a network in which iron(II) is acting as network nodes and crosslinked 

OA as interconnecting bridges. This explanation is supported by the recent finding that 

crosslinking of OA via their double bonds occurs in pressed powders of iron oxide NC in 

exactly this temperature range.5 Bi- or multi-functional alkyl species with terminating 

COO- groups were formed during this process serving as interconnects between iron 

oxide NC and leading to nanocomposites with outstanding mechanical properties. Once 

started, the reaction quickly became vigorous under bubble formation, accompanied by 

a decrease in viscosity and rapid particle formation. The decrease in viscosity can be 

explained by a degradation of the proposed iron oleate network, which is initiated by COO- 

decomposition under formation of CO and FeO monomers. In this sense, the breakdown 

of the network and the associated release of FeO monomers might be understood as a 

key element for separating nucleation and growth.  
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Enhanced size and shape controlled synthesis

We demonstrate that irrespective of the oxidation state of the iron carbonate -(II) or (III)- 

in each case SPIONs of identical shape, size and crystal structure were obtained, 

indicating a similar reaction mechanism during nanoparticle formation. The uniformity of 

the resulting FeOA enables an enhanced size and shape controlled synthesis. For 

example, SPIONs of different shape with narrow size distribution and high uniformity 

could be prepared only by changing the concentration (Fig 3a,b). For XRD measurements 

samples were taken under strictly inert conditions and measured in sealed capillaries to 

prevent a partial post-synthetic surface oxidation which occurs usually during routinely 

purification under aerobic conditions, as also recently reported by Chen et al. and Kemp 

et al.22,31 Both iron sources furnished SPIONs exclusively displaying a wustite (FeO) 

structure, as comprehensively proven via XRD (Fig. 3c).
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Figure 3. a, b) TEM images of SPIONs synthesized with different initial concentrations of 

FeOA  (66 vol% oleic acid and 34 vol% 1-octadecene (a) and 92 vol% oleic acid and 8 

vol% 1-octadecene (b) (both identical Fe:OA ratio of 1:7). c) XRD pattern of iron oxide 

samples synthesized with iron(II) carbonate and iron(III) carbonate as initial iron source. 

All measurements were carried out in a sealed capillary under inert condition. As 

reference wustite 00-006-0615 (FeO) is shown in c).

As a result of investigation how shape and size is affected by reaction parameters such 

as reaction time, ratio of Fe/OA and concentration (see Figures SI 14 – SI 17 for more 

details) we found that the “star-like” shape SPIONs only can be obtained shortly after 

nucleation in early stages of the reaction. In the further course of the reaction they 

transformed into cube shape structures. Figure 4 illustrates a short overview of possible 
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sizes and shapes that can be synthesized using this approach (a detailed overview can 

be found in the supporting information in chapter 8). The nanocrystals can be prepared 

in quantities up to 20 grams per batch as indicated in the experimental section.
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Figure 4. Short overview of TEM images of star-shaped and cubic nanocrystals which 
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can be synthesized by this approach.

 To get a deeper insight of the real 3D structure of the “star-like” shape SPIONs (Fig 3a 

and Fig 4) the particles were elucidated via electron tomography and SEM. Comparison 

of TEM, STEM, SEM images and a 3D visualization of a particle obtained by electron 

tomography (Fig. 5) immediately reveals the octapod shape, containing eight triangular 

pods. When performing electron tomography, a tilt series of 2D HAADF-STEM images 

was recorded, covering a tilt range of 76°. The reconstructed 3D model is in excellent 

agreement with the octapod shape (Fig. 5).
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Figure 5. Structure elucidation of an iron oxide octapod sample by electron microscopy 

imaging and electron tomography. a) TEM image, b) SEM image (70° tilted) (a more 

detailed presentation is illustrated in figure SI 13) and c) STEM image of a single octapod. 

d) 3D reconstruction of a nanocrystal based on electron tomography, which can be 

considered as octapod containing eight triangular pods.

The surface facets of the NCs were further investigated using high resolution HAADF-

STEM. It should be noted that the samples, which were used for these measurements 

and the EELS tomography (see below) were partially oxidized due to storage under 

ambient conditions, and that the degree of oxidation might vary between the samples 

shown in Fig. 6 and 7. Remarkably, we did not detect differences in shape and size of the 

SPIONs compared to non-oxidized samples. The oxidation led to a partially 

transformation from wustite to magnetite and/or maghemite, as shown below. All these 

crystalline phases exhibit an fcc sublattice of oxygen, meaning that the assignment of 

growth direction and faceting does not depend on the degree of oxidation. A high 

resolution image of a single pod of a NC acquired along the [110] direction is presented 
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in Figure 6a. Its Fourier analysis (Figure 6b), clearly indicate a growth direction of the pod 

along the [111] direction, in agreement with previous studies.8 To investigate the side 

facets of the pod, a thickness profile (Figure 6e) is extracted from the high resolution 

HAADF-STEM projection as indicated by the white rectangle in Figure 6a. From that it is 

evident that the left facet is imaged edge on whereas the other two facets are inclined 

with respect to the projection direction (Figure 6d). From the FFT pattern, we conclude 

that the side facet corresponds to a {113} facet composed of alternating (100)/(111) 

terraces and steps, lowering the surface energy of the NCs, again in agreement with 

previous investigations.8 A model of the facets is provided in Figures 6c-d.
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Figure 6. a) High resolution HAADF-STEM projection of one pod of an iron oxide NC 

oriented along the [110] direction. b) FFT of image from which the growing direction and 

the side facet can be determined. c-d) Models of the {113} facets of the triangular pod. 

The facets are composed of alternating (100)/(111) terraces and steps. e) The intensity 

profile acquired along the direction indicated in a). The profile is in agreement with a 

triangular morphology composed of {113} facets as indicated in d).

To determine which iron oxide phases are present after partial oxidation, a Fourier 

analysis of a high resolution STEM image (SI, chapter 6) was performed and a biphasic 

core /shell structure was observed. A characteristic that can be used to differentiate 

between the different phases is the valency of iron: for maghemite Fe3+ is expected, 

whereas in magnetite both Fe2+ and Fe3+ occur. In wustite only Fe2+ is present. The fine 

structure of monochromated electron energy loss spectroscopy (EELS) enables one to 

determine the valency of iron within the NC (Fig 7).32 Figure 7c shows EELS spectra 

acquired in the middle and near the edge of the particle respectively. Both spectra contain 

features suggesting the presence of Fe2+ and Fe3+, but the peak corresponding to Fe3+ is 
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more significant near the edge of the particle. Both spectra can be considered as 2D 

averages of the overlapping of different proportions of Fe2+ and Fe3+ located in various 

volume fractions of the real 3D structure (e.g. core and shell). As mentioned above, the 

as prepared pure wustite NCs were partially oxidized and thus different phases of iron 

oxide (e.g. wustite, maghemite, and magnetite) could have occurred. To distinguish 

between the different iron oxide phases it is essential to determine the spatial distribution 

of Fe3+ and Fe2+, thus, to combine EELS with tomography. Such studies are very 

challenging, but recently, first results have been published.32–38 By using the so-called 

direct spectroscopic tomography technique32, fifteen EELS data cubes were combined 

into a reconstruction of voxels containing Fe2+ and a reconstruction with the voxels that 

contain Fe3+. The result, illustrated in Figure 7, confirms a core/shell like morphology. 

Slices through the reconstructions demonstrate that the core of the NC only contains Fe2+, 

in agreement with the wustite structure, whereas at the edges Fe3+ is clearly dominant, 

indicating maghemite structure. It is also seen that there is no sharp interface between 

Fe2+ and Fe3+, but that the Fe2+ signal gradually decreases towards the surface. This 
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finding suggests that the oxidation of wustite to maghemite occurs via intermediate 

formation of magnetite or mixed phases, in accordance with literature data.22,39–41 

Magnetic measurements corroborate the aforementioned results of core/shell 

nanoparticles (Fig SI19-21). A temperature-dependent exchange bias pinpoints to a 

coupling between an antiferromagnetic and a ferromagnetic layer.42 In detail, the 

observed exchange bias in the hysteresis curve vanishes at temperatures above 200 K 

indicating that the Néel temperature of the antiferromagnet has been overcome. Note, TN 

has been reported to be around 200 K for wustite.43 This transition can also be observed 

in temperature-dependent measurements of the magnetic moment. In addition to the 

transition at 200 K, a second transition at around 125 K can be revealed. We attribute this 

feature to the Verwey transition at which magnetite undergoes a metal-insulator transition 

with a slight lattice rearrangement and a modification of all electronic related properties.44 

Based on these magnetic measurement results, one can conclude the existence of a 

core/shell nanoparticle consisting of wustite and magnetite.39 Moreover, depending on 

the size of the particles, which evolves with time during preparation (compare phase 1 to 

phase 4 in Fig. 8), the single-domain superparamagnetic behavior indicated by a closed 
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hysteresis at 300 K and a magnetic field-dependent maximum in the zero-field-cooled 

measurement evolves into a ferromagnetic state (open hysteresis at 300 K).     

In summary, our results also explain the difficulties in selective post-preparative 

oxidation of wustite into magnetite NC, and make clear that, especially for larger SPIONs, 

well-defined oxidation conditions need to be elaborated.
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a) b)

c) d) e)

f) g) h)

i) j) k)

Figure 7. TEM direct spectroscopic tomography of an oxidized octapod sample. a) 

Reference spectra of Fe2+ and Fe3+ + acquired from an ilmenite (FeTiO3) and hematite 

(Fe2O3) sample.32 b) EELS spectra of regions indicated (red squares) in image c). c) 2D 

HAADF-STEM image of the region on which EELS was performed and line profiles in 

horizontal and vertical direction were performed d,e). f-h) Slice through the reconstruction 
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of Fe2+, Fe3+ and the overlap of both slices respectively. i-k) 3D reconstruction of Fe2+, 

Fe3+ and the overlap of both reconstructions respectively.

Crystal growth and metamorphosis depend on the thermodynamic and kinetic control 

of the reaction conditions. Khurshid et al.45 pointed out that e.g. octapod star-shaped 

SPIONs are the kinetically favored product. These findings were supported by Bau et 

al.46, demonstrating that the shape of mixed metal oxide nanoparticles comprised of iron 

and nickel can be manipulated via ligand concentration and reaction time. However, the 

nickel content poses severe issues on applications in cell experiments or in living 

organisms. 

Interestingly, we observe that metamorphism of SPIONs is similar to the processes, 

well described for metallic NPs (Au, Pt, and Pd), as well as MnO2.47,48 Gold, platinum, 

palladium und manganese oxide form a cubic face centered crystal lattice and the 

formation of special shapes like octapods is explained as a result of high coverage of the 

{100} side facets of a cuboctahedral core under the influence of atom deposition and 

surface diffusion.
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Figure 8. TEM images of particle size and shape formation during one hour of reaction 

and a corresponding scheme of the different development stages (Fe/OA = 1:7; 1-

octadecene = 8 vol%).

The octapod is kinetically favored, and generated as far as the deposition rate of the 

FeO monomer is significantly higher than the diffusion rate at the surface of the NC. In 
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our case, we can distinguish four reaction regimes: Similar to the argumentation for 

nucleation and growth of cubic PbSe49 we propose that in the initial reaction phase 

nucleation and growth leads to tiny cubes with {100} and {111} facets (phase 1). OA 

strongly stabilizes the {100} facets leading to preferential growth in <111> directions 

under kinetic control in phase 2. A spotlight on beginning of this process is seen in Fig. 8 

(Phase 1) where some particles still more resemble cubic shape and others already have 

started metamorphosis to octapods. Formation of the latter is completed after 2 min. (Fig. 

8/Phase 2) under kinetically controlled focusing conditions, i.e. the excess FeO 

monomers grow on already existing particles (reaction phase 2). After that time all 

monomer is consumed. During the third reaction phase (approximately 8 minutes) the 

octapods gradually smoothen, resulting in cubes with slightly truncated corners (Fig. 

8/Phase 3). Note that the edge length of the NC decreases in this time window, indicating 

that shape transformation is mainly dominated by surface diffusion of atoms migrating to 

the edges and side facets, driven by thermodynamics.47 For longer reaction times (phase 

4) Ostwald ripening becomes the dominant mechanism, i.e. large cubes grow on the cost 
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of smaller ones, also driven by thermodynamics (Fig 8/Phase 4) (a more detailed 

presentation is illustrated in figure SI 18).

We further investigated how dilution with non-coordinating 1-octadecene (ODE) 

influences size and shape formation under high OA to Fe ratio (7:1) conditions (Fig SI 

14). In summary, it can be seen that the largest octapods were obtained in pure OA, 

whereas already moderate dilution (8 vol%) revealed to a strong decrease in size. 

Because the octapod formation occurs in the focusing regime of crystal growth (phase 2, 

see above), we conclude that dilution strongly accelerates the nucleation rate (see SI 

chapter 8 for more details). We also observe a significant lower increase in viscosity upon 

dilution prior to nucleation. It is, therefore, reasonable that the proposed iron oleate 

network is most pronounced in pure OA and retards FeO monomer release. Dilution also 

leads to lowering the driving force for blocking the {100} facets with OA. At highest dilution 

(66 vol%) nucleation is obviously so fast and blocking of {100} facets so ineffective that 

octapod formation is completely suppressed and cube shaped particles formed instead. 

The same was observed when the OA to iron ratio was reduced and the cubes became 

smaller upon dilution (see Figure SI 17).
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 Conclusions

In conclusion, we could not only develop synthetic protocols allowing gram scale 

production of highly monodisperse SPIONs of various well-defined sizes and 

morphologies. It furthermore allowed us to identify a complex redox cascade during 

formation and transformation of polynuclear iron oleate complexes and the formation of 

a polymeric iron oleate network prior to nucleation. The results enabled us to clearly work 

out kinetic and thermodynamic effects during nucleation and growth. To the best of our 

knowledge, we here presented one of the best understood investigation on the chemistry 

of nanocrystal formation.

Methods/Experimental

 Materials. All chemicals were used as received unless otherwise stated. Chemicals 

(Purity [%], Purchased from): acetone (99.0, Th. Geyer); acetone (dry max. 0.01% 

water)(99.0, AppliChem); chloroform (dry)(≥99, Sigma-Aldrich); helium 5.0 carrier gas 

(99.999, Westfalen); hydrochloric acid (37, VWR Chemicals); iron(II) sulfate 
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heptahydrate (degassed and stored under nitrogen) (99.0, Sigma-Aldrich); iron(III) 

sulfate (degassed and stored under nitrogen) (97, Sigma-Aldrich); oleic acid (technical 

grade) (degassed and stored under nitrogen) (90, Sigma-Aldrich); oleic acid (pure) 

(99.0, TCI Chemicals); 1-octadecene (90, Sigma-Aldrich); sodium carbonate (degassed 

and stored under nitrogen) (dry basis) (99.95-100.05, Sigma-Aldrich); sulfuric acid (95, 

Th. Geyer); tetrahydrofuran (99.7, VWR Chemicals); toluene (dry) (99.85, Acros 

Organics); toluene  (100, VWR Chemicals); 9-nitroanthracene (HPLC grade) 

(degassed and stored under nitrogen) (≥98.5, Sigma-Aldrich); molecular sieve 

adsorbent 5A 45/60 mesh (Supelco).

Synthesis of the iron sources. All reactions were carried out under Schlenk conditions, 

using nitrogen as protective gas. Due to the high sensitivity towards oxygen, the reaction 

apparatus was degassed four times using evacuate-refill cycles. Milli-Q water 

(18,2 MΩ/cm) was used and saturated for 24 hours with nitrogen. The oleic acid and the 

1-octadecene were degassed (25 °C, 1 h, 5*10-1 mbar) before use and also saturated 

with nitrogen. 
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Synthesis of FeCO3 - iron(II) source. FeSO4·7 H2O (14.30 g, 51.44 mmol) and Na2CO3 

(16.40 g, 157.7 mmol) were separately dissolved in degassed water (each 180 mL). The 

FeSO4-solution was slowly added to the Na2CO3-solution and was stirred at 800 rpm over 

a time period of 30 min at room temperature. The FeCO3 precipitates and was filtered in 

a Schlenk-frit (reaction equation (1) is shown in SI chapter 1.1). After filtration it was 

washed with water (4x120 mL), separating highly soluble Na2SO4. The resulting grey 

precipitate is shown in figure SI 1.

Synthesis of Fe2(CO3)3 – iron(III) source. Fe2(SO4)3·x H2O (15.90 g, 39.76 mmol) and 

Na2CO3 (13.60 g, 128.3 mmol) were separately dissolved in water (180 mL). The 

Fe2(SO4)3-solution was slowly added to the Na2CO3-solution and was stirred at 800 rpm 

over a time period of 30 min at room temperature. The resulting reddish-brown precipitate 

was washed with water (4x120 mL) (reaction equation (2) is shown in SI chapter 1.2). 

Both iron sources were directly used for iron oleate synthesis without further purification 

/ drying. 
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Determination of the CO2 content in the FeCO3 and Fe2(CO3)3. The composition of the 

FeCO3 and Fe2(CO3)3 was analyzed by reacting with sulfuric acid and measuring the 

released CO2 content. For this experiment, FeCO3 (1.70 g, 14.6 mmol) was prepared as 

described above. Sulfuric acid was added to the salt resulting in the release of the gas. 

After addition, the formulation starts to foam, while the generated CO2 gas was captured 

in a measuring cylinder. The capped gas volume corresponds to the FeCO3 was ~300 mL 

and differed 6% from the theoretically calculated value of 320 mL. 

For the determination of the CO2 content in the Fe2(CO3)3, the same experiment was 

performed as described above. Sulfuric acid was added to Fe2(CO3)3 (1.90 g, 6.51 mmol). 

The volume of the released gas was ~70 mL. This corresponds to a content of 16% 

Fe2(CO3)3, while the rest of the salt is most probably Fe(OH)3/ FeO(OH).

Synthesis of Fe(II) oleate. The synthesis of iron(II) oleate was carried out according to a 

self-developed procedure. The purified FeCO3 salt (5.69 g, 51.4 mmol) was mixed with 

oleic acid (102.4 g, 362.4 mmol, 7-fold excess to Fe) at room temperature. The dispersion 

was heated to 60 °C, while stirring for 1 h, and cooled down to room temperature. After 

Page 37 of 65

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



38

additional stirring at room temperature for 24 h, a milky gray emulsion was obtained 

(Figure SI 3 left). Water and CO2 (reaction equation is shown in SI chapter 2.1) were 

removed by heating to 60 °C under vacuum for 2 h. During this process, the color changed 

to brownish black (Figure SI 3 right). For effective removal of water residues, the solution 

was subsequently heated under vacuum up to 120 °C for 1 – 2 h. This synthesis protocol 

can easily be upscaled by a factor of 7 by using the same concentrations but lager 

volumes.

Synthesis of Fe(III) oleate. The synthesis of iron(III) oleate was carried out in the same 

way as the synthesis of iron(II) oleate.

The purified Fe2(CO3)3 salt (11.6 g, 39.8 mmol) was mixed with oleic acid (158.5 g, 

561.2 mmol, 7-fold excess to Fe) at room temperature. Byproducts are iron(III) hydroxide 

and iron(III) oxide-hydroxide and the reaction of the byproducts with oleic acid leads also 

to iron oleate and water, thus not interfering with further processes (reaction equations 

are shown in SI chapter 2.2). The dispersion was heated up to 60 °C while stirring for 1 

h. The resulting emulsion was cooled down to room temperature and stirred for 24 h 
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whereat the color changed from red to the typical reddish brown (Figure SI 4). Water and 

CO2 were removed by heating to 60 °C under vacuum for 2 h. During this process the 

color changed to brownish black (Figure SI 4 right). For effective removal of water 

residues, the solution was subsequently heated under vacuum up to 120 °C for 1 - 2 h. 

This synthesis protocol can easily be upscaled by a factor of 4 by using the same 

concentrations but lager volumes.

Nanocrystal synthesis. Iron oxide nanocrystals were synthesized by thermal 

decomposition of the iron(II) oleate or iron(III) oleate, respectively. Figure SI 5 shows an 

image of a typical apparatus for the synthesis: A three-necked round-bottom flask was 

equipped with a Vigreux column, and distillation column. Iron oleate was constantly 

heated (6 °C/min) and the temperature was kept for 3 - 5 h between 330 °C and 350 °C 

(depending on the oleic acid/1-octadecene ratio).

Methods. 

MALDI-TOF MS measurements. All MALDI-TOF MS spectra were recorded on an 

ultrafleXtreme mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) with 

smartbeam-II™ laser. Data acquisition was performed in positive reflector mode with a 
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mass range of m/z = 350 - 4,500 and 2,000 – 20,000 using flex control software version 

3.3. 

9-Nitroanthracene (9-NA) was used as matrix (12 mg/mL in dry chloroform). All data 

evaluation and processing were performed using flexAnalysis version 3.3 (Bruker 

Daltonik GmbH, Bremen, Germany). 

External calibration was performed with the peptide II standard in 2,5-dihydroxybenzoic 

acid (DHB, both Bruker Daltonik). After an initial evaluation of the data, spectra were also 

internally calibrated in cooperation with Dr. Volker Sauerland (Bruker Daltonik). 

Peaks were selected for LIFT (MS/MS) measurements when showing an isotopic 

distribution indicating an iron complex.

The matrix and the sample (diluted wit dry toluene 1:25) were mixed with dry chloroform 

on a ground steel target in a glove box and then transferred to the MALDI-TOF MS using 

a Schlenk bag. Although every precaution has been taken, the contact with air (1 second 

max.) cannot be ruled out entirely. 

Influence of the degree of purity of the used oleic acid on the MALDI-TOF spectra. For 

the synthesis of iron oleate pure oleic acid was used, because the use of technical grade 
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oleic acid causes additional peaks in the MALDI-TOF spectra. This is exemplified by the 

m/z = 955.6 ([(FeII)2(OA-)3]+) peak using technical grade oleic acid (Figure SI 8 a) and 

pure oleic acid (Figure SI 8 b). The additional peaks at m/z = 951.6 and 952.6 and 

changes in intensities at 953.6 Da and 954.6 Da are due to linoleic acid, the typical 

contaminant in the technical grade of oleic acid.

Exemplarily, the calculations were refined by including a fraction of 10% of linoleic acid 

(LA), providing an even better fit for the experimental data of the reactions with technical 

grade oleic acid. This amount is in the range of the suppliers data on the purity of the oleic 

acid batch used. (Telephone-Information from the supplier Sigma-Aldrich).

Gas chromatography measurements. Gas chromatography measurements were carried 

out on a Perkin Elmer Clarus 500 instrument equipped with thermal conductivity detector 

(TCD). Helium was used as carrier gas with the constant flow rate of 85 ml/min. The 

column was packed with molecular sieve (5A 45/60 mesh (SUPELCO)). Temperatures: 

oven: 230 °C, TCD: 200 °C.

TEM measurements.
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TEM and HRTEM. measurements were carried out on a JEOL JEM 1011 at 100 kV and 

on a JEOL JEM 2200 FS at 200 kV equipped with two CEOS Cs correctors (CETCOR, 

CESCOR) and a Gatan 4K UltraScan 1000 camera. To investigate the nanoparticles a 

drop of the diluted colloidal solution was deposited on a carbon coated 400 mesh TEM 

grid. The excess of solvent was removed with a filter paper and the grid was air dried. 

High-Resolution HAADF-STEM imaging. High resolution HAADF-STEM images were 

acquired using an aberration-corrected cubed FEI-Titan electron microscope at an 

operating voltage of 300 kV. A camera length of 115 mm was used to guarantee 

incoherent imaging of the nanoparticles.

Electron tomography. The HAADF-STEM tilt series was acquired using a FEI Tecnai G2 

electron microscope operated at 200 kV. For the acquisition of the tilt series a Fischione 

model 2020 singe tilt holder was used and the series was acquired using a tilt range from 

-74° to +74° with a tilt increment of 2°. The projection images were aligned using a cross-

correlation algorithm together with a manual tilt axis adjustment implemented in the FEI 

Inspect3D software50 and the reconstruction was performed using a total variation 

minimization reconstruction algorithm to minimize artefacts in the reconstruction.51 
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Electron energy loss spectroscopy (EELS) tomography. EELS experiments were 

performed using an aberration-corrected cubed FEI-Titan electron microscope operating 

at 120 kV. For the acquisition of the tilt series a Fischione model 2020 singe tilt holder 

was used and the series was acquired using a tilt range from -65° to +65° with a tilt 

increment of 10°. To reduce sample drift during the experiment, the specimen holder was 

allowed to relax after each tilting step for several minutes before image acquisition. EELS 

tomography series were reconstructed according to the procedure of Goris et al.32 

SEM measurements. SEM investigations were carried out on a LEO 1550 SEM at 20 kV. 

The same nanoparticle-dispersion (SPIONs dispersed in toluene), as for the TEM 

measurements, was dropped on a silicon wafer and dried under air. The silicon wafer was 

then fixed on a standard SEM specimen holder. 

XRD measurements. X-ray diffraction (XRD) patterns of the Iron oxide NC were recorded 

by using CuKα (λ = 0.15418 nm) radiation (40 kV, 110 mA) on a X`Pert PRO MPD 

(Philips) diffractometer in the range of 30 to 110°/2θ. 
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The measurements were carried out in thin-walled (0.1 mm) XRD capillary tubes with 

0.7 mm diameter and 80 mm length. To avoid oxidation, the capillary tubes were filled 

with purified NC dispersions and sealed in a glovebox.

Magnetic measurements. FeOx suspension had been transferred into Quantum Design 

VSM powder sample holders (P125E) and dried in inert gas atmosphere. Subsequently, 

the samples were measured in a Quantum Design Dynacool system equipped with the 

vibrating sample magnetometry (VSM) option between 5 and 350 K and in magnetic fields 

up to 30 kOe.
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