In situ liquid transmission electron microscopy reveals self-
assembly-driven nucleation in radiolytic synthesis of iron oxide
nanoparticles in organic media
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We have investigated the early stages of formation of iron oxide nanoparticles from iron stearate precursors in the presence
of sodium stearate in an organic solvent by in situ liquid phase transmission electron microscopy (IL-TEM). Before nucleation,
we have evidenced the spontaneous formation of vesicular assemblies made of iron polycation-based precursors
sandwiched between stearate layers. Nucleation of iron oxide nanoparticles occurs within the walls of the vesicles, which
subsequently collapse upon consumption of the iron precursors and growth of the nanoparticles. We then evidenced that
fine control of the electron dose, and therefore of the local concentration of reactive iron species in the vicinity of the nuclei,
enables controlling crystal growth and selecting the morphology of the resulting iron oxide nanoparticles. Such direct
observation of the nucleation process templated by vesicular assemblies in a hydrophobic organic solvent sheds new light
on the formation process of metal oxide nanoparticles and therefore opens ways for the synthesis of inorganic colloidal

systems with tunable shape and size.

Introduction

Understanding crystallization pathways is crucial to control the size
and shape of nanoparticles. This is particularly important the case of
the thermal decomposition method developed by Heyon et al.! and
Sun et al.? to design iron oxide nanoparticles with hand-picked sizes
and morphologies. The synthesis consists in the thermal
decomposition of a metal precursor (eg., iron stearate, iron oleate or
iron pentacarbonyl) in the presence of a surfactant (often oleic acid)
in a high boiling point organic solvent.? The heating rates, reagents
and surfactants molar ratio, water content, nature of surfactants and
reagents are efficient experimental parameters to reach nano-
objects with narrow size distribution and controlled morphology that
are promising for the biomedical field,*° especially as magnetic
resonance imaging contrast agents™'3 or for hyperthermia cancer
treatment. 17 Although there is a good understanding of how a high
supersaturation regime drives monodispersity in the heating-up
thermal decomposition method,® the atom-scale and nanoscale
mechanisms responsible for the particle size and shape control are
mostly a black box. This is especially the case for events occurring
before nucleation, the so-called pre-nucleation stage that impacts
deeply the kinetics of precursor production, hence the nucleation
and growth rates.

In situ liquid TEM complements other in situ techniques'®
22 for probing nucleation and growth stages by providing direct
visualization of solid formation in real space, with nanoscale or even
atomic scale resolution, and has been already instrumental in
deciphering processes of nucleation and growth of solids in liquids.?3~
35 Indeed, beyond the classical nucleation theory that relies on
monomer-by-monomer aggregation in a supersaturated solution,3¢-
38 a myriad of other mechanisms are now recognized to occur during
the formation of various solids in liquids.?>3%4° These processes are

coined as non-classical crystallization pathways.***2 They also
encompass events occurring during the pre-nucleation stage.*344

The mechanisms of particle formation by the thermal
decomposition method have been mostly inferred from ex situ
analyses, which are not adapted to assess pre-nucleation
processes.* More recently, in situ small angle X-ray scattering (SAXS)
studies>*® have demonstrated the importance of the pre-nucleation
stage by unveiling the assembly of inorganic clusters preceding
particle nucleation. The size and concentration of these clusters
depend on the precursor-to-surfactant ratio and heating rate, which
in turn leads to differences in the onset and rate of nucleation.
However, the local structure of the pre-nucleation assemblies and
their dynamics are yet to be determined. In an effort to get insights
into these assemblies, we have adapted the conditions of synthesis
to trigger radiolytic decomposition of an iron precursor in a
transmission electron microscope. The present work focuses on
unveiling by in situ liquid TEM the self-assembly processes that occur
during pre-nucleation in radiolysis-induced colloidal synthesis, in
conditions close to the thermal decomposition method. We probe
the reaction in situ by using the electron beam as a trigger, thus
allowing to observe processes before and after nucleation.

Results and discussion

We focus here on the decomposition of the iron (I1) stearate FeSt,*748
in the presence of 80% of sodium oleate and 20% of oleic acid
surfactants in octadecene, conditions that lead ex situ to spinel iron
oxide nanoplates at ca. 315 °C.>#74%50 The mixture was first stirred
and heated at 120 °C for 1 h without reflux condenser in order to
homogenize the solution. Thereafter, one drop was added on the
observation window of the in situ liquid TEM cell. In this set-up (supp
figure), a thin layer of liquid is enclosed between two electron
transparent observation windows. In our case, the enclosed liquid



was not heated up within the holder. Therefore, the reaction was
triggered by the electron beam. The temperature rise of a liquid
irradiated by an electron beam depends on the stopping power of
the medium and the thickness of the liquid. We calculated the
increase in temperature due to the electron beam to be negligible
(see Suppl. info).>! Therefore, the in situ decomposition does not
arise from a temperature increase, as in the usual thermal
decomposition method,”?> but relates to radiolytic processes.
Although the nucleation and growth in situ is beam induced,
studies*¥53:54 that the
decomposition of the precursor into reactive intermediates starts at

computational have pointed out
temperatures close to the homogenization conditions used in our
protocol, before in situ observations. Thus, upon homogenization
the
complexed single iron cations, free iron cations and reduced iron

species (Figure 1). Two processes may be at the origin of the

and beam irradiation, reaction medium should contain

decomposition of the precursors: electron beam-induced reduction
and direct cleavage of the iron stearate precursor. This protocol
yields crystalline spinel iron oxide and metallic iron nanoparticles by
the end of the reaction, as demonstrated by high resolution TEM
(HRTEM) and selected area electron diffraction (SAED) analyses of
the sample recovered after drying (Figure S1).

Figure 2 shows an image sequence acquired at the beginning of the
in situ reaction using liquid reaction mixture immediately after its
homogenization by a heat treatment at 120 °C for 1 h. No nucleus
could be detected just after starting the electron irradiation.
Nucleation occurs after several minutes (Supporting movie S1).
Before nucleation starts, we observe globule-like structures with
diameters ranging from ca. 20 to 80 nm (Figure 2). The presence of
iron in these globules was confirmed by energy-dispersive
spectroscopy (Figure S2). These globules do not contain yet
nanoparticles. They exhibit a very dynamic behavior (circles in Figure
2a-g) as they move around in the liquid reaction mixture, deform and
undergo coalescence as well as Ostwald-like ripening. Their walls are
darker than their cores, suggesting that the iron precursor molecules
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are rather localized in the walls. Different from typical beam-induced
bubbles,> these globules finally burst to form nuclei and then
nanoparticles, observed as dark spots in Figure 2 and Figure 3.
Furthermore, when the octadecene without precursors was
observed under the same irradiation conditions, any bubbles formed
in the media did not present darker more contrasted walls like in the
case of the reaction mixture. (Supporting movie S2).

In order to probe the local structure of the globule-like structures and
their evolution, we have focused on their dynamic behavior over
several minutes before and after nanoparticles appear, hence in the
time scale of nucleation (Supporting movie S3 and corresponding
snapshots in Figure 3). As already observed in the previous image
sequence, objects ranging from 10 to 20 nm in diameter coalesce or
collapse and new ones are formed continuously. This behavior is
typical of vesicle-like assemblies. The diameter of these globules
increases up to several tens of nanometers until they collapse (Figure
2h). A close look to the walls of the vesicles highlights the presence
of some more contrasted, darker areas of ca. 1-2 nm, which
underlines that nucleation occurs in the walls of the vesicles.
Therefore, these vesicles trap in their corona some iron oxo
oligomers. Such self-assembled structures are related to lamellar
iron soaps observed in aqueous media.’® Thus, we hypothesize that
such globules could be attributed to self-assembled iron precursors.
57 This hypothesis is supported by previous works on simulations, %8
which showed that bilayers form by self-assembly of the iron
precursors used herein. Iron cations are expected to be located in the
center part of these bilayers.!%°® Because these hybrid self-
assemblies form here in an organic medium, they vyield closed
spherical entities with vesicular shapes and with iron cations
segregated into the walls.>® The increase in the number of nuclei in
the walls over time destabilizes the vesicles, which then dissociate,
releasing nuclei in the continuous medium. These nuclei further
aggregate and form nanoparticles. Exsitu and cryo-electron
microscopy experiments have recently confirmed the presence of
iron in similar structures.®®
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Figure 1. Schematic representation of the reaction mixture upon the homogenization step and initial irradiation. The process is expected to go through the formation

of complexed single iron ions, free iron ions and reduced species. 44-4¢
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Figure 2. (a-g) In situ liquid-phase TEM image sequence from a reaction mixture in octadecene. (h) Evolution of the globules diameter within the yellow circle over time. The electron

dose used in this experiment was 90 e/A%s.

These observations point to a two-steps pre-nucleation/nucleation
process®? taking place for the radiolytically induced formation of iron
oxide in organic media. Mechanisms involving self-assembly prior to
nucleation have been enlisted to explain the crystallization of
proteins, of some organic molecules®*%* and of few minerals and
metallic nanoparticles.®* Although we could not solve the local
structure of the inverse vesicle walls, it is instructive to note that the
decomposition process involves iron complexes with long chain
oleate ligands, which are prone to self-assemble into layered
mesophases.®>7 Such species could then spontaneously evolve into
a vesicular mesophase, thus locating iron cations within the vesicle
walls. This hypothesis is in line with the observation that the iron
oxide nuclei are forming only in the walls, and not in the core of the
reverse vesicles. Our observations clearly indicate the presence of
globule-like structures prior the nucleation burst. We provide thus
direct evidence of the self-organization of the iron precursors in the
pre-nucleation step. Furthermore, we reveal the formation and
accumulation of nuclei within the restrained volume of globule’s
walls. Such inverse vesicles-like structures had been intuited from in
situ x-ray absorption and mass spectrometry studies that have shown
evidence of poly-oxo-iron bridges at the pre-nucleation stage in a
heating-up synthesis.’®® The fact that we directly observe this

phenomenon from radiolytic synthesis shows that at least the pre-
nucleation and nucleation stages are similar, whatever the stimulus
used for the decomposition of iron precursors.

To further understand the subsequent course of the nanoparticles
formation, we have evaluated the impact of the electron dose on the
radiolytic decomposition synthesis. In fact, it has already been
observed that the electron dose may provide a direct control on the
formation kinetics and on the morphology of Au, Ag, Pt and mixed
oxides from aqueous solutions.®*7* First, we have used the
conventional TEM mode to provide a high electron dose, since the
observation area is continuously irradiated. With a beam current of
150 pA, the electron dose is about 9400 e'/nm?-s. In these conditions,
the formation of the nanoparticles is very fast: nucleation takes place
in less than 10 s as evidenced in Figure 4 (Supporting movie S4).
Rapidly, the nuclei grow until reaching a critical radius. The particle
size stabilizes at this critical radius (Figure 4b), then growth continues
before the particle reaches a second plateau corresponding to the
final particle size. It should be noted that with this amount of
electron dose and energy input, neither the morphology nor the size
distribution can be controlled.



Figure 3. In situ TEM images sequence of the reaction mixture in octadecene. The ovals and arrows highlight the walls of the vesicles where the nuclei form. The electron dose used

in this experiment was 90 e/A%s.

In a second set of conditions, the electron dose was decreased to a
value of 6900 e’/nm?s in TEM mode, almost a third less than in the
previous conditions, in order to delay the nucleation step (Figure 5,
Supporting movie S5). Contrary to the observations made with
higher electron dose (Figure 4), the pre-nucleation vesicles are
detected (Figure 5a-e). The nanoparticles released by collapsing
vesicles tend to further aggregate in order to form large particles
(Figure 5f-h), possibly by oriented attachment growth already
evidenced for iron oxides.?®

In a third set of exposure conditions, the electron dose used was
2500 e'/nm?s in TEM mode. We have then been able to monitor the

size evolution of two nanoparticles over time (Figure 6 and
Supporting movie S6). Three regimes are observed (Figure 6g): i) in
the first one, the size of the nanoparticles is increasing; ii) the second
region shows a relative stability of the particle sizes; iii) in the last
stage, the size of small nanoparticles decreases at the benefit of
larger particles. This observation could account for the Ostwald
ripening mechanism caused by the change in solubility of
nanoparticles dependent on their size. Due to the high surface
energy of smaller particles, they have a high solubility and re-dissolve
within the solution, which allows in turn the larger particles to
further grow.3®
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Figure 4. (a-f) In situ image sequence of the evolution of iron oxide nanoparticles in octadecene recorded under an electron dose of 9400 e-/nm?:s. (g) Evolution of the
size of one nanoparticle (white arrow) upon time. It is possible to identify the different formation regimes, from the nucleation burst until the critical size around 25

nm after which growth continues until reaching the final size of around 60 nm.
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Figure 5. a-h) In situ TEM sequence using an electron dose of 6900 e//nm2:s. i) Schematic representation of the nucleation within a vesicle. The nucleation takes place in the walls of
the vesicle, then the particles release upon vesicle collapse aggregate and form larger nanoparticles.

In a last set of illumination conditions, we have used the scanning
TEM (STEM) mode for which the beam irradiation conditions are very
different, in terms of total electron dose and image acquisition
protocol. In this case, even after two hours of electron beam
irradiation, the reaction does not take place. This can be explained
by the fact that the energy provided by the electron probe during the
rastering of the area of interest is rapidly dissipated and therefore
insufficient to exceed the threshold required for the decomposition
reaction of iron stearate. Thusly, to trigger the reaction, we used the
spot mode, in which the beam is focused and blocked for a while
(generally few seconds) at a unique position. Hence, this mode allows

concentrating the energy input at a chosen location, in the center of
the observation area. Thanks to this highly concentrated beam on a
small area (tens of pm),”” it was possible to trigger the reaction. In
addition, this mode provides a fine control of the beam current and
then of the energy input and of its impact on the formation of the
nanoparticles and on their final morphologies. When the electron
dose was 900 e’ /nm?s (Figure 7), the nanoparticle grew into an
isotropic, faceted polyhedral morphology (Supporting movie S7). In
contrast, at a lower dose of 230 e/nm?s, anisotropic growth was
observed (Supporting movie S8).
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Figure 6. a-f) Images sequence from a video acquired by in situ liquid-phase TEM under an electron dose of 2500 e'/nm?2-s, for monitoring the size evolution of two
neighbouring nanoparticles NP1 and NP2. g) Evolution of NP1 (in red in the first image) particle size upon time. Nuclei under the critical size re-dissolve in the solution,

probably in favour of the growth of other surrounding particles.
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Figure 7. In situ scanning TEM analysis of the radiolytic growth of iron oxide particles induced by electron irradiation using an electron dose of 900 e//nm?-s (a-b) and of 230 e/nm?2:s
(c-d). The influence of the amount of energy provided by the electron beam on the growth of nanoparticles is schematized in (e). With a higher electron dose, the nanoparticles tend
to be polyhedral and spherical; using lower electron doses, a faceting effect is unambiguously observed.

Contrary to the observations in TEM mode, the STEM mode enables
triggering the nanoparticle nucleation and growth only in the
focused electron beam area, so that the observed nanoparticles
evolution can be ascribed only to the objects within the observation
area. Therefore, we can hypothesize that in the lowest dose
conditions, the amount of reactive species produced is low, so that
the nanoparticle growth rate is limited by the flux of reagents and
the depletion of monomers near the growing nanoparticles.”® In
these conditions, the difference of reactivity of the various crystal
facets is exacerbated and yields anisotropic nano-objects. On the
other side, a large energy input (provided either by the electron
beam or by the thermal energy) generates larger amounts of
monomers, so that the growth rates of the different facets are
levered, yielding isotropic particles. The fact that the nanoparticles
morphology can be tailored as a function of the energy input,
without varying the nature of the capping agents, opens exciting
paths in the development of nanoparticles with very specific and well
identified morphology, possibly by using radiolytic synthesis.”>7*
Complementary insight has been achieved as well by correlating
different characterization, both in situ and post-mortem in similar
systems, in a recent publication.®®

Experimental
Materials

All chemicals were purchased from Sigma-Aldrich and used as
received.

Iron oleate reaction mixture preparation

The reaction mixtures used in these experiments were the ones
usually employed for thermal decomposition synthesis of iron oxide
Fes«04 nanoparticles in organic media. First, 2.32 mmol of iron
stearate were mixed with 3 mmol of the ligands, oleic acid and
sodium oleate, in 15 mL octadecene used as a solvent. The mixture
was stirred and heated at 120 °C for 60 min without reflux condenser
in order to dissolve the reactants and remove the water residues.

In situ liquid TEM and STEM observations and post-mortem analysis

For in situ liquid TEM analysis, a Protochips liquid cell holder
(Poseidon Select 550) was used. It consists of disposable silicon chips
onto which the sample is deposited. Experiments were performed in
a corrected JEOL 2100F/Cs (S)TEM at 200 kV. Selected area electron
diffraction (SAED) analysis were performed post in situ over the dry
e-chips.

Conclusions

In situ liquid-phase transmission electron microscopy allowed
triggering by radiolysis and tracking in real space and in real time with
nanometre resolution, the formation of iron oxide nanoparticles
from a thermal decomposition reaction mixture. We provide
evidences that the reaction, especially the pre-nucleation step,
follows a non-classical crystallization route, through the formation of
elusive and dynamic inverse vesicular-like assemblies with the iron
precursor confined within the walls. Nucleation occurs within the
walls of the vesicles where the subsequent accumulation of the
nuclei agrees with a soft-templating nucleation and growth process.
After a significant increase of the size of the inorganic nuclei, the
vesicles collapse and release nuclei into the continuous medium. By
scrutinizing the effect of the energy input through the electron dose,



we have observed a strong impact of the electron dose on the
morphology of the nanoparticles, which we attribute to different
regimes of growth depending on the local concentration of reactive
iron species near the growing particles and the stability of vesicles.
This work contributes not only to the comprehension of formation
mechanism of iron oxide nanoparticles by an electron beam but we
hope it helps in the overall understanding of the nanometric process
taking place probably in thermal decomposition synthesis as well.
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SUPPORTING INFORMATION

In situ liquid transmission electron microscopy reveals self-
assembly-driven nucleation in radiolytic synthesis of iron oxide
nanoparticles in organic media

Figure S1. HRTEM images (a-c and e) and corresponding SAED pattern of c and e (d and f respectively)
of nanoparticles of iron oxide spinel and metallic iron nanoparticles obtained by in situ liquid-phase
radiolytic decomposition within the transmission electron microscope. These particles are analyzed
post mortem, after blanking the electron beam and drying the in situ cell out of the microscope. The
Selected Area Electron Diffraction pattern is indexed along a typical iron oxide spinel and metallic iron
nanoparticles structure. Fe may arise from reduction under the electron beam.
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Counts

Figure S2. Energy dispersive spectrum obtained during the in situ experiment depicted in Figure 2. The

signature Ka of iron was detected at 6.40 keV.
MAXIMUM TEMPERATURE RISE CALCULATION DUE TO THE ELECTRON BEAM*
e =22 1 (14 ) R4 L 1))
= — — |- —Inl—
T wag G, AM\4 2 a

| = beam current; a= beam radius; t = thickness; L = Window size; A = Mean free path

Parameter Water Organic solvent

S = stopping power (MeV cm? g?) | 2.792 2.99 (paraffin wax) 2
(200 kV)

C, = specific heat at constant | 75.28 564.4 (octadecane) 3

pressure (J mol™* K?) (300 K)

o = thermal diffusivity (10° m? s?) | 0.148* 0.06 (octadecane) ®
(300 K)

Hence,
ATmax—Water <4K

ATmax—Octadecane <10K
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Supporting movie S1. Decomposition of the iron (Il) stearate FeSt,in 80% of sodium oleate and 20%
of oleic acid surfactants in octadecene. No nuclei are initially observed. Apparition of vesicle-like

structures.
Supporting movie S2. Octadecene under irradiation.

Supporting movie S3. Dynamic interaction of vesicles upon irradiation. Apparition of nuclei upon

bursting of the vesicles.

Supporting movie S4. Nucleation and growth under TEM illumination at a high electron dose of 9400

e /nm?s.

Supporting movie S5. Nucleation and growth under TEM illumination at a medium electron dose of

6900 e’ /nm?s.

Supporting movie S6. Nucleation and growth under TEM illumination at a low electron dose of 2500

e /nm?s.

Supporting movie S7. Nucleation and growth under STEM illumination at a low electron dose of 900e

/nm?s.

Supporting movie S8. Nucleation and growth under STEM illumination at a low electron dose of 230e

/nm?s.
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