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ABSTRACT:Because of the broad range of application of

iron oxide nanoparticles (NPs), the control of their size and P nfsence " _smemawe

shape on demand remains a great challenge, as these precurhor Nakure A

parameters are of upmost importance to provide NPs with Influence  comnazoe/> ®
magnetic properties tailored to the targeted application. One m e
promising synthesis process to tune their size and shape igthe Fest,

thermal decomposition one, for which a lot of paramefe‘rg*'zo_’HNGC' D

were investigated. But two crucial issues were scarcely, Thermal . Shape and
addressed: the precuiserature and water content. Two Synthesis Decomposition Composition
housdron stearates with two or three stearate chains were omnzove g
synthesized, dehydrated, and then tested in standard synthesis J

conditions of spherical amibic NPs. Investigations

combined with modeling showed that the precunsature and hydration rate stronglcathe thermal decomposition
kinetics and yields, which, in turnuence the NP size. The cubic shape depends on the decomposition kinetics but also
crucially on the water content. A microscopic insight was providstignnciples simulation showing an iron reduction
along the reaction pathway and a participation of water molecules to the building unit formation.

KEYWORDS:iron oxide, thermal decomposition, iron precursor, hydration rate, synthesis mechanism, modeling

I\/I agnetic iron oxide nanoparticles (NPs) are receivinthermia treatments’®the need for the synthesis of NPs with
increasing attention worldwide in view of their intrinsicbetter performance becomes evident. By tuning the NPs shape,
properties stemming from their size, shape, and compositigor example, via the synthesis of cubic iron oxide NPs or
This, in turn, discloses a broad range of applications, includingwer-shaped nanostructures enabling cooperative magnetism,
magnetic uids, data storage nanodevices, catalysis, agge heating power of these NPs can be greatly impfoved.
biomedical applicatiofi¥. Depending on the targeted | oyr case, we already demonstrated that iron oxide NPs with
application, the NPs magnetic properties must becsjlgci diameter of 10 nm synthesized by a thermal decomposition

adapted and impose strict constraints in the design of NPs WB cess and coated with dendron molecules are very promising

given size, composltlor.], and shape. In the Gpese of );or in vivo diagnostic by MRi.Dendronized nanocubes also
biomedical applications: to use them as T2 contrast agents [or

magnetic resonance imaging (MRI), iron oxide-based Nﬁgnthesllzed by th|s.proé8swere shown f}g)m's'”g for
should exhibit a high saturation magnetization (Ms) and b@agnenc_h_yperthermla even at Io_vv concentration.
functionalized with ligands ensuring optimakain of water Ta envision cqmplete_ IN VIVO b|ome(_j|cal d(—;-velopments of
molecules around the magnetic dfer the treatment of ~Such designed iron oxide NPs and, in particular, of these
cancer by magnetic hyperthermia, the amount of he&endronized NPs, reproducible synthesis protocols with well-
generated by NPs strongly depends on their size distributian

and on their magnetic properties (high Ms and highReceived: July 3, 2018

magnetocrystalline anisotrop@iven the increasing clinical Accepted: July 16, 2018

importance of the bertedemonstrated by magnetic hyper- Published: July 16, 2018
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tailored reactants and high yield need to be establishgakecursor stability would be altered during the synthesis by
Indeed, NPs shape control remaindi to achieve, and interacting with surfactants and/or solvents. Indeed with the
experimental results from NPs systems vary -signiwidely used oleate compf&X=>*?>%* or with iron
cantly:***%* This issue underscores the need to identifystearaté**?>*> used in our group, the monomer formation
reproducible tunable synthesis methods that allow the desigtas observed to depend on the nature of solvents and ligands
of NPs possessing the desired structural parameters and &gl also to be reaction time- and/or temperature-dependent.
required physical-chemical properties. _ These observations allow to infer that the monomer formation
Among all the viable synthesis metfiGdéthe thermal  depends on the iron precursor stability. The chemical
decomposition method has been shown to be particularly vegivironment and the experimental conditions, in turn, have a
promising to tailor the siZé*>°°and the shap&®*"of NPs. ~ direct inuence on the precursor stability as evidenced by
This specic process is based on the thermal decomposition &ronstein et 4f* who pointed out the ect of solvent and
a metal precursor in a high boiling point organic solvent in thgashing conditions on the iron oleate precursor thermal
presence of surfactants. Among these thermal decompositifghavior and, ultimately, on the nucleation and germination
approaches, the most used wordwilde are those developedyRycesses. Hufschmid etallso demonstrated that a nature
Hyeor’® and Suri;" involving mainly iron oleate and iron of precursor will be more suited for the synthesis of an NP with
acetyl acetonate, respectively, as iron precursors. HOWGVer,sTEIé’cic size range.
actual mechanism along which the synthesis proceeds is stilh addition, by using the iron oleate precursor, we were able
not well understood, which prevents a relevant understandigg synthesize spherical NPs wittewint siz€S and rather
of structu_re-size-co_mposition-§hape-properties relationshipsré@u|ar nanocubes with straight faces and a good mono-
NPs. For instance, in the speciase of cubic-shaped NPs, the dispersity by resorting to the Kovalenkethod 3 (Figure
most used method is the one proposed by Kovéitmierd S7) but iron oleate batches were observed to be unstable with
on the decomposition of iron oleate in the presence of fime, and from one batch to another oneerdnt sized/
mixture of oleic acid and sodium oleate. The sodium oleate dfapeq NPs may be obtained, thus jeopardizing the synthesis
expected to strongly bind on speaiurfaces of nuclei (i.e., repraducibility. On the basis of these experiments with iron
initial NPS$ seeds) and to promote a cubic growth. An,eate synthesized in our labordfAand by considering the
appropriate calibration of both the heating rate and the boiling, , stability of this iron complex, which is highly sensitive to
point of the organic solvents allows controlling the nanocuhg synthesis, washing, and, storing condifiéhsa

size. Former works have reported that such nanocubes are f8hmercial iron stearate complex bearing two stearate chains

homogeneous in composition and consist inSsbed L o ;
; X . was used. A synthesis in standard conditions for spherical NPs
nanocubes with a core constituted of thsiteuFeO phase has shown a reproducible synthesis of 10 nii? NBwever,

3638 : R
and a shell of &&O, Pellegrino and co-workers he replacement of iron oleate with iron stearate in the

deepened the analysis of the nanocube synthesis . o . S )

invegtigating the thgrmal decomposition of i)r/on acet ynthe_sm conditions of nanocubes (which consist just in

acetonate and decanoic acid in dibenzylétiitley were replacmbg on? lpart of oI|e|c(aC|d é)yf sodghm °|§1athe) led to
; : nocubes of lower quality (very deforrreglyre S)ilthan

able to show that, by changing the amount 0fd|benzylether§1a?Se obtained with the good batch of iron oidalie.

introducing squalene, the nanocube shape was achie o ) o
because of the decomposition products of dibenzylethg dition, a change in the batch of commercial iron stearate was

during the synthesis, which can be adsorbed oncspecis own to lead to _nanocubes in thg syn'ghesis conditions of 10
faces, thus triggering the desired cubic growth. nm nanospheresigure Sp After evidencing the presence of

In view of the high potential of this class of synthesiémp“,”t'es in commercial batches, we decided to synthesize our
methods, ane control of the thermal decomposition become£Wn iron stearate. Our own compound was shown to be more
a primary issue for a tunable and a reproducible NPs synthed@Ple with time and to allow for a reproducible synthesis of
and design. To date the most accredited model able ®Pherical NPs with a mean size of 10 nm. However, high-
rationalize this synthesis process is the one proposed by LalfElity nanocubes were alwaysuit to obtain evidencing an
and Dinegar>*®*? Specically, [polyironoxo clusters] unresolved issue in the nanocube synthesis mechanism.
monomer4- the minimum building blocks, are generated e decided thus to prepare iwhouseon stearates (one
upon thermal decomposition of the precursors. Then, whefPn stearate that would bear two stearate chains as the
the monomer concentratiorxceeds a given limit, the Ccommercial iron stearate and the second one that would bear
nucleation process can occur with a number of nucldéfiree stearate chains as the iron oleate precursor) and to
depending on the excess in monomer concentration wilRvestigate the ect of their nature (two or three stearate
respect to the concentration limit. Clearly, upon nucleation, &hains) and hydration conditions on the formation and
a given point, the monomer concentration decreases below t@@nposition of spherical and cubic-shaped SiPeifie )1
concentration limit, and if some monomers are still available € used well-established synthesis protocols of spherical NPs
the environment, a grain growth is observed. with a mean size of 10 fimand of nanocubES” to

In the specic process of Hyeon et ‘@ which involved  investigate only the precursoeat. To date, very few works
basically the decomposition of iron oleate in the presence @alt with the inuence of the iron precursor structure on the
oleic acid as surfactant in an organic solvent, a lot siynthesis of NP§!"*® Experiments have been complemented
parameters have been tuned to modulate the NPs size dy dynamical simulations within rat-principles framework
shape such as the nature of organic solvent, the ratmriched by free energy sampling techniques. Theseg'Studies,
surfactant/precursor, the nature of surfactant (carboxylic aciktended in the present work, allow to inspect the thermal
or amine) but without established rules. More and morelecomposition reaction pathways and to unravel the role of
studies pointed out recently a possibleieince of the  water in triggering the reaction. This provides hints for a better
precursor on the size control. Indeed, it is suggested that thentrol of the process and thus for the NPs design.
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Scheme 1. Schematic of NPs Synthesis Investigation a black and viscous suspension is obtained and is treated as previously.
The NPs cannally be suspended in 50 mL of THF.

Determination of the Synthesis Yield. After the synthesis, the
NPs are washed once as described above. The supernatant is

- Preculr:fc;:'l::cderatlon S collected, and the NPs are solubilized in 5 mL of chlorofomedDe
+ FeCl,,y.H,0 / volumes of both solutions (20D for the NPs and 3 mL for the
Precursor Nature /$ supernatant) are then digested for 48 h at room temperature with 220
1 Inflienc§  eonmizee/” L of HNO,. The iron solutions are then diluted to 10 mL in
QIR s synthesis oize deionized water. The contation is then measured on a
PerkinElmer AAS spectrometer.
FeSt, Characterization Techniques. NPs were characterized by
+ xNacl v transmission electron nuscopy (TEM) with a JEOL 2100
. [ ) Shape and microscope operating at 200 kV (point resolution 0.18 nm). The
Precursor b T"e"“a_'t_ Composition size distribution of NPs was calculated from the size measurements of
Synthesis  Decomposition commatse Evolution more than 300 nanoparticles using ImageJ software.
lominz00c e Scanning electron microscopy (SEM) was performed using a Zeiss
& gemini SEM 500 microscope equipped witkelé emission gun

N
60 min,120°C/5

(SEM-FEG) operating at an accelerating voltage of 1 kV.
Thermogravimetric analysis (TGA) measurements were performed
EXPERIMENTAL DETAILS on dried powder samples from 20 to&Dat 5°C/min under air by

Iron Precursors Synthesis.Iron stearate (Il) and (lll) were ~ USing an SDJ Q600 apparatus.
prepared by precipitation of sodium stearate (98.8% TCI) and ferrous The X-ray diraction (XRD) pattern was recorded at room
chloride (99%, Acros Organic) or ferric chloride (99%, Sigma) salts {Rmperature with a Bruker D8 Advanceadtometer equipped with
an aqueous solution. Byiesodium stearate (9.8 g, 32 mmol) was a monochromatic copper radiation source=(8.154 056 nm) and a
transferred into a two-necked to a round-bottormek (RBF) and ~ Lynx-Eye detector in theS5°(2 ) range with a scan step of 0.03
solubilized in distilled,® (dH,0, 80 mL). The solution is heated to  High-purity silicon powdea = 0.543082 nm) was systematically
re ux and stirred for 30 min until complete dissolution of the stearat#S€d as an internal standard. [Branatching rexements were
Separately, Fe@H,O (3.16 g, 16 mmol) or Fe@#,0 (2.88 g, 16 performed through the Fullprof progsf%ujslng Le Bafl method! _
mmol) was dissolved in ¢Bi (40 mL) and added onto the sodium With the modied Thompson-Cox-Hasting (TCH) pseudo-Voigt

stearate solution under vigorous stirring. A light orange precipita© le function.
formed immediately. The solution is kept under stirring at this Standard infrared spectra were recorded between 4000 and 400

temperature 15 min. Thereafter the solution is allowed to cool t§T  With a Fourier transform infrared (FTIR) spectrometer,
room temperature (RT). The obtained precipitate is washed once %pectrum 100 from PerkinElmer. Samples were gently ground and
centrifugation (hot dy®, 14 000 rpm, 10 min). The product is then diluted in nonabsorbent KBr matrixes.

ltrated with a Behner funnel and oven-dried at°€5for 24 h. Computational Methods. Our simulations make use ost-
Dehydration of the precursor is performed in an oven &€ 140 principles molecular dynamics (FPRDYithin the density func-
48 h. tional theory (DFT)® framework as implemented in the CPMD

Standard Synthesis of 10 nm Sized NPs.lron oxide code. The exchange and correlation interactions are described by the
nanospheres (NS) are synthedi from an already reported Becke and the Lee-Yang-Parr functionals (BEYREspectively.
reproducible protoctlwhich consists in the thermal decomposition Coresvalence interactions are accounted for via norm-conserving
of the iron stearate in the presence of oleic acid (OA, 99%, Alfa Aesafpullier-Martins pseudopotentials (PPRr O, C, and H atoms
in dioctylether (OE, 99%, Sigma). The as-synthesized iron stear&@nstituting the ligands, and Goedecker-Teter-Huseericore ones
(1.38 g for FeSand 2 g for Fe$t2.2 mmol in iron) is mixed with for _the metal centers of'the precursor molecules._ Valenc_e electron
OA (1.24 g, 4.4 mmol) in 20 mL of OE in a two-neck RBF. TheOrbitals are represente_d ina plane wave (PW) b_aS|s set Wlt_h a cuto
mixture is stirred and heated at PEDfor 1 h without reux energy of 80 Ry. A spin-unrestricted approach is adopted in all the
condenser to dissolve the reactants and remove the volatile molecifgulations, and van dger Waals interactions are included according to
residues. We demonstrated earlier that, if the heating stefCais120 Grimmes D2 formuld” This methodology has proved to be
suppressed, the mean size is sifallae hypothesis was that such instrumental for a wealth of complex hybrid syStetnstree
volatile molecule residues and, in particular, water weatcthe energy prdes for the various desorption processes have been

thermal stability of the iron complex. sampleadsﬁsaccording to the Blue Moon ensemble (BME) ap-
The cooler is then connected to thsk, and the solution is heated p_roacr?. The selected reaction coordinates are assumed to be
to the boiling temperature 290°C) with heating rate of &/min distances between the metal center and the carboxylate group of the

and heated to rex for 2 h under air. After it cooled to RT, a black coordinated ligand. Further details on the computational setup have
suspension is obtained, which is solubilized in 10 mL of chlorofori€€n extensively reported in4@f
The NPs are then precipitated by the addition of an excess of acetone
the rst time and washed three times with chloroform and acetone at RESULTS
aratio of 1:4 at 14 000 rpm for 5 min by centrifugation. The NPs can . . . .

na"y be suspended in 50 mL of tetrahydrofuran (THF) ) Syl’ltheSIS of Spherlca| Iron Oxide Nanopartlcles from

Standard Synthesis of Nanocubeslron oxide nanocubes (NC)  in-House Iron Stearate Precursors.lron oleate as a

are synthesized from an already reported protSoahich consists ~ precursor for the synthesis of iron oxide NPs by thermal
in the thermal decomposition of the iron stearate in the presence décomposition is mainly synthesized by mixing a suspension of
oleic acid and sodium oleate (NaOl, 97%, TClI). Iron stearate (2.38exahydrate iron(lll) chlorides in water with a suspension of
mmol) is mixed with 3 mmol of ligands (OA, 0.45 g, 1.5 mmol andsqgiym oleate in organic solvent, which leads to iron oleate
NaOl, 0.45 g, 1.5 mmol) in 15 mL of octadecene (OD, 90%, Alf%recursor formation in the organic Sol%nﬂowever,

fgronstein et &f. reported an iruence of washing solvent,
volatile molecule residues. The cooler is then connectedaskhe ading, and storage on the iron oleate stability, and we also
and the solution is heated to 200for 10 min with a heating rate of 0bserved in our earlier studié$ an e ect of washing and

5 °C/min. The solution is then heated to 3C5with a heating rate  drying conditions. Therefore, among published synthesis
of 1°C/min and reuxed for 60 min under air. After it cooled to RT, methods of metal carboxylg?l?%,a simple, scalable, and
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“greefi approach involving a simple coprecipitation of the ironmean weight loss of 20 and 12% for ;FaBd FeSt
stearate in water was chosen. As the commercial iron stearatpectively, suggesting a higher hydration rate phbiFeSt
that we used atst was'sold as an iron(ll) stearate, and as comparison to FeStThe dehydrated powders are named
iron oleates were synthesized under iron(lll) oleates, botheS),and FeSt;

iron(ll) and iron(lll) stearates were synthesized by this All iron stearates were then tested in standard conditions
coprecipitation method and named Fe&8td FeSt leading to the reproducible synthesis of 10 nm NPs (thermal
respectively. Hydrated iron(ll or IIl) chlorides were used aslecomposition of the commercial iron(ll) stearate in the
iron precursors for the iron stearate synthesis. Iron oleatefgesence of oleic acid in octyléthetron oxide NPs with a
generally synthesized from such precursors, an@émmciks  spherical shape were reproducibly synthesized with all
were observed when iron stearates were synthesized from istearates, and representative TEM images of #rentli
sulfates. The main important parameter igehtivas the  syntheses are giverFigure 2The mean NPs size with ReSt
purity of sodium stearate reactant NaSt.

Considering the imence of solvent and drying conditions
on the decomposition of the iron oleate in earlier studies and
the reported diculties to obtain anhydride steatatthe
dehydration of both iron stearates was also investigated.

The TGA curves of both hydrated stearates &mbEeSt
(Figure ) displayed similar shapes withrgt small weight

1,0 4
€ 08
=
£
5 061 g
Z \
5 g4] — FeSt .
9 ’ | N - . - . .
= ----- FeSty L Figure 2.Standard synthesis of 10 nm sized NPs with iron(ll) (a)
02 — FeSt; and (lll) (c) stearates and dehydrated iron(ll) (b) and (lll) (d)
I stearates.
0,0 T T T T T T T . . . .
0 100 200 300 400 500 600 whatever its hydration state, is slightly smaller than that

obtained with Fegand FeSty(Table ). XRD measurements
(Figure Spcon rmed the composition of NPs, which consist
Figure 1. TGA curves of hydrated (plain line) and dehydratedas expected in a spinel structures,Bg with a lattice
(dotted line) FeSt(blue) and FeSt(red) iron stearates. parameter of 8.379 0.001 A in agreement with published
results 338
loss below 20%C attributed to dehydration of powders and a The nature of the iron stearate has also aerige on the
second large weight loss above ZDCattributed to the  synthesis yield. The NPs yield is very high for all iron stearates,
decomposition of stearate®:”®> TGA experiments were but it is higher with iron(ll) than with iron(lll) stearate, and
performed on several iron stearate batches, and similar T@# dehydration step allowed improving this yieldi¢ ).
curves were observédgure SB The TGA curvesHigure ) The eect of the precursor nature on the yield was also
are also similar to that reported for iron oféaté? TGA or con rmed by a two-step synthesis process with iron stearates:
di erential thermal analysis (DTA) curves were earlier showthe NPs synthesis a290°C was performed once, and after it
by Heyon et a>** and Bronstein et #l.to provide useful  cooled to 100C, the synthesis step (without adding reactants
information on the nucleation and growth steps. and by just applying the heating ramp) was reproduced again.
On the basis of IR spectroscopy and TGAféntial During the second synthesis step, the remaining precursors
scanning calorimetry (DSC) analyses, it was inferred by Heyamay contribute to the growth of NP synthesized during the
et al. that, in therst step above 20@, one oleate ligand  rst step. Fronfrigure S@ndTable 1 a clear correlation is
dissociated from the iron oleate precursor in the temperatun®ticed between the mean size of NPs after these two synthesis
range of 208240 °C, and the other two oleate moieties steps and the yields. An increase of the NPs mean size after the
dissociated at300 C following a CQelimination pathwdy. two-step process is observed with,F@&ver yield) by
From TGA curves of both iron stearates and fromcomparison with dehydrated Be@tightly higher yield).
dehydration experiments atadent temperatures by checking Considering the standard deviation on the mean size and
the IR spectra of iron stearates at each step, a dehydratigarlier results on the reprocibility of the 10 nm NPs synthesis
treatment was established at 9@0for 48 h. Dehydration and the observed size variatioone may consider that no
experiments are generally conducted by heating powders ugsize variation occurs with RgStWith FeSt only the
200°C, but heating treatments above ¥d®r too long at  dehydrated one led to a slight increase in the NPs size. That
140°C have been shown to induce not only dehydration buton rmed that Fegt whatever its hydration rate, better
also to aect the iron stearate structureiglire Sy As decomposed than FgBelow 29CC.
observed by infrared spectroscopy, the IR bands (especially i©f particular note is the fact that, after thesynthesis step
the range of 178720 cm?) strongly evolved after heat in the two-step synthesis process, the NPs size is smaller than
treatment above 14C (Figure Sy This treatment led to a  that after only one synthesis step. We also observed such

Temperature (°C)
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Table 1. TEM Mean Size and Yield for Nanopatrticles Synthesized in Standard Synthesis Conditions of 10 nm Sized NPs and
Shape and TEM Mean Size for Nanoparticles Synthesized in Standard Conditions of Nanocubes as a Function of the Nature of
Stearates

FeSk FeSi 4 FeS§ FeSs 4
standard 10 nm synthesis TEM mean size (nm) +10.8 10.2t 0.9 9.1+ 0.9 9.3t 0.9
yield (%) 90 94 83 85
two synthesis steps (nm) 6.2 9.5 0.9 8.4 0.4 83 1
11+ 1.1 9.2+ 1.1 8.3t 1.2 8.8 1
standard nanocubes synthesis shape maddghape quite cubic not ded shape quite cubic
TEM mean size (nm) 1351.8 10+ 0.6 8.3t 2.2 15.% 1.8

smaller size during a seed-mediated growth process to grow a
CoO layer at the surface of iron oxide nanoparticles
(IONPS)??%° We supposed that some growth should occur
during the whole cooling stage.
The NPs size (from standard 10 nm sized NPs synthesis)
and yield were thus shown to be higher with, BeSt with
FeSt, whatever their hydration state, and the dehydration
would favor the decomposition of precursors. The synthesis
yield and the two-step syntheses suggested that mosj of FeSt
precursors were decomposed (and formed monomers) in this
synthesis condition below290 °C, whereas all FgSt
precursors were not decomposed. With;,Fe@ne other
FeSt-based precursors thermally more stable should be
present in the reaction mixture and would decompose only
above 290C when most of FeStased precursors would be
decomposed below 290. Therefore, the higher size of NPs
after the two-step synthesis process with iBe@te to its
kinetics of decomposition; Fe@composed below 290,
but it required longer time than the 2 h to be fully
decomposed. Therefore, the second synthesis step allowed
continuing the decomposition of precursor and contributed to
the further growth of NPs. With the Rg8ecursor, there is
no further growth, as the growth is not limited here by the
kinetics but by the decomposition temperature of. FeSt
Indeed, it has often been reported that the size of NPs
depends on the boiling point of solvents, and the higher the
boiling point and the larger is the mear’$f283** That was
attributed to the decomposition of iron precursor on a large
range of temperature due to the presence in the reacting media
of several types of precursors witkrdnt thermal stability.
The starting iron precursor has often been suggested to reagjure 3.DTG curves of iron(ll) (a) and (Ill) (b) stearates and
with the surfactants such as oleic acid or solvent to form othés¢hydrated iron(ll) (c) and (lll) (d) stearates.
precursors with dérent thermal stability. Such hypothesis is
con rmed here by considering theedential thermogravim-
etry (DTG) curves (derivative of TGA curves) of stearatesgoupled with mass spectroscopy as a function of temperature
which clearly evidenced elient thermal behaviors. (to be published).
The study of DTGKigure $and DTA curvesHigures S7 The rst weight loss (area | Figure 3 is attributed to
and S¥ evidenced four main weight loss steps as alreadjehydration of iron stearates. From earlier studies, the second
reported, but several DTG peaks may be observed for sogeight loss range (area IFigure 3and inFigures S7 and 58
steps: areas Ill and IV figure 3 would correspond to thest iron stearate decomposition step
The last step (area IV kigure 3andFigures S7 and 58 Ieading to sucient monomer for the germination
does not occur in the thermal decomposition process, whichggep?>*44243 Hyeon et al. and Know et al. have idedti
mostly conducted below 385C. This step with a peak at the germination step in this temperature range as well as
420°C for FeStand 450C for FeSf which presented also  Bronstein et &f? who have also investigated the thermal
an additional weight loss before this peak &Ci28 related  decomposition of iron oleates by TGA and DTA. They
to an exothermic peak in DTA curvégres S7 and Jsand observed four main DTA peaks, one corresponding to solvent
corresponds to a sudden decomposition of a product. It svaporation, one around 24Q corresponding to the
attributed to CQ@departure. Indeed the decomposition of iron germination, one around 300 attributed to the growth
alkanoates has been largely investigated and is known to lstgp, and the last one above 4D@ue to decomposition of
to the formation of ketones and £ Such decomposition  organic molecules. Therefore, from these considerations, one
and formation of CQwere also conmed by IR spectroscopy may conclude that all stearates induced a germination at
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similar temperatures exhibiting a DTG peak arous232@0
°C (area Il inFigure 3.

The main dierence in thermal behavior between the
di erent precursors is found betweeri 28 400°C in area
Il (Figure 3 which corresponds to the growth step from
previous studié$>** The area Il irFigure 3s thus ascribed
to the decomposition range of precursors contributing to the
NPs growth. Several peaks are observed in this area depending
on the iron stearates. This peak distribution should be due to
the presence of a distribution of iron stearates wétent

chemical stabilities Figure 4 Equilibrium geometries of Fgatthe absence of hydrating

. . water (top) and microsolvation conditions with one or two water
One may notice that the last peak is observed bel6® 350 molecules (down). In case of partial hydration one of the fio H

for FeStand FeStywhen it is at higher temperature for £FeSt |1ccyles is absent. Fe, O, C, and H atoms are shown as orange, red,
and FeSt; That suggested that the decomposition is quitgyray, and black balls, respectively.
nished at maximum 34C (all the monomers have been

generated) for FeSind FeSly when a higher temperature gager charges are +1.8 for the dry planageiion and

(at minimum 380°C) needs to be reached to induce the .5 g or +2.6 for the full (two, 8 molecules) and partial (one
decomposition of all dirent stearates in Fe8nhd Fe3y H,O molecule) hydration conditions, respectively. However, at
After dehydration, the distribution of precursors seems les ite temperature, this situation changes ségly, and Fé
broadened, although some decomposition is observed up iyces to & The reasons for this reduction processes are
380 °C for FeSt; These conclusions explained the result%eemy dierent for the two cases of partial (ongOH
observed during the NPs synthesis with all stearates: t_he |0VH%Iecule) and full (two J® molecules). In therst one, the
decomposition yield of Fg&nd Fe3;by comparison with  \yater molecule is simply released from the solvation shell of
that of FeStand FeSiy |s'expla|ned by the NP§ synthesis the metal center, and the ReBiverts back to the dry
temperature at290°C, which allowed decomposing most of ¢onformation ofigure 4 Instead, in the case of complete
the iron precursors in Fe3ind FeSly when a higher  pyqration, the two 40 molecules coordinated to the metal
temperature would have been necessary to decompose gler displace between the ligand and the Fe site. They realize
precursors in Fe3ind FeSly a planar comuration in which one proton of the water

_ These results demonstrate that Féféttel decomposed  glecules becomes a sharédHifting continuously between

in the synthesis conditions below Z9@han FeStand that an O atom of th& COO group and the J® moleculefigure

the dehydration favored the decomposition of stearates belayo a5 iy a sort of incompletely hydrogen-bond connected
290°C. It explains the lower mean size of NPs synthesizegjndd comple%

with FeSt the amount of produced monomer is lower, and

thus the nucleation and grain growth is more limited. At this

point, assuming that Fe@&buld have one stearate more than

FeS4, after the nucleation step that is reported to occur in the

same temperature range between 200 antC24y loss of

one stearate chain, the further decomposition gfnfr@bbe

considered as easier than that of;FeBich would bear one

more stearate chain. The lower yield with;Fe&8t be thus  Figure 5.Equilibrium geometry of Fe&tound the metal center at

related to the decomposition kinetics, which would be fast800 K in the presence of water. The color code is identical to the one

and occur at lower temperature with Féfin with FeSt of Figure Gapart from the Fe cation colored in blue. The spin density

Water is observed also tee this decomposition kinetics, as of the Fé; metgl center is shown as an orange isosurface at a value of

dehydrated iron stearate decompoSedré than the  *1x 10°7e/A%

hydrated one. That is also aoned by modeling as described

below. Since relatively large activation barriers exist for the thermal
Dynamic Simulations. Dynamical simulations on either decomposition of the FgSte resort to BME simulations to

dry or hydrated FeStere performed to investigate the role of inspect the reaction pathway. Details about these simulations

hydrating HO molecules on the decomposition mechanism ohave been reported elsewh&kere we limit our analysis to

the precursor. Arst set of FPMD runs ahite temperature  the results strictly necessary to the ongoing discussion.

(T =300 K andr = 500 K) to equilibrate the system prior to Specically, in dehydrated conditions, the departure of one

BME simulations allowed also to assess the stability of tligand is accompanied by a temporary transition fféroFe

stearates, which upon standard geometry optimizatio&* conditions, this meaning that one of the two O atoms of

reached the stable cgnrations shown irigure 4 the carboxylate group of the departing ligand remains in the
Since the central Fe atom is fourfold coordinated with @oordination shell of Fe, whereas the other one starts pulling

atoms belonging to tH&COO moieties of the ligands, and apart Eigure § Nonetheless, this change in the oxidation

this coordination being planar, two additional coordinatiostate is only temporary and thst step toward the formation

sites are, in principle, available to complete the hydration sheflthe FEO seed, this O being bound to the metal one of the

of Fe, one above this coordination plane and one beloaxygen atoms of the St chain.

(Figure 4 bottom panel). In dry conditions, the iron atom is An entirely dierent scenario is realized in the case of

found to be in an Feoxidation state, whereas in the case ofcomplete hydration of the FgSthich marks the start of the

two-molecule hydration an*Fis realized, as comed by a  whole process from a cgaration of the type showrFimure

Bader charge analysis. More precisely, the values of the 6. In this case, by contrast to the dehydrated iron stearate, no
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Figure 6.Free (red) and total (black) energy pes along the
reaction pathway for the dissociation process of dry Fast
snapshots show the main phases of the reaction mechanism.  rigyre 8.Standard synthesis of cubic-shaped NPs with iron(ll) (a)
and (lll) (c) stearates and dehydrated iron(ll) (b) and (lll) (d)
transient oxidations states froRt feF€* could be observed. stearates.

Instead, the Zundel complex evolves into a complete
dissociation of water molecules into a proton H and &able 2. Free Energy Barriers for the Formation of the
hydroxyl anion OFl The former binds to tH&COO group of Intermediate Metastable Structure (if any) and the Final
the St ligand, whereas the second goes forming@hi Fe Dissociation Process for FeSt in Brent Hydration
building block that can becomé&Beupon dehydrogenation, Conditions*

as speced in ref49. However, this H-removal process escapes

any possible control and, although the activation barrier lowe hygfasﬂton free energy barrier for free energy barrier for
considerably, the presence of an extra H in the iron oxiog
building block h ' h bl ry FeSt 15.02 42.10
g block can have a negativettieon the assembly of FeSi + H,0 1863 Py
nanoparticles. This process is summarizédure 7 Fosi+2 |24 o o (iundel complex) -
2 .

SEnergies are in kilocalories per mole.

rationalizing the dérent behavior experimentally observed
between hydrated and dehydrated samples. Indeed the
dynamic simulation showed that the decomposition mecha-
nism of iron stearate is dient depending on the hydration
degree of the iron stearate with the formation of eitheSan Fe

O or F&SOH buiding unit as a function of the hydration
degree of stearates. Therefore it contributes to the explanation
of the kinetics of decomposition of stearates_as function of

Figure 7.Free energy prtes and main phases of the reaction their hydration degree: with less hydrated,F&SIO units

mechanism along the reaction pathway for the dissociation proces§f directly formed when with hydrated iron stearates, there is
hydrated Fest the formation of F&OH, which needs further to be

decomposed to form $8. The formation of BOH units
would also explain that the decomposition of hydrated

The major eect resulting from the presence of the stearates requires higher temperatures to ledsiQdieads.
hydrating water molecules is their active participation to the Synthesis of Cubic-Shaped Iron Oxide Nanoparticles
reaction mechanism. In fact, the dissociatiopfrtio H" from in-House Iron Stearate Precursors.The standard
and OH greatly facilitates the formation of the meta oxide bgynthesis conditions of iron oxide nanoclbekich were
lowering considerably the free energy barrier for the formati@mown to conduct to regular nanocubes with straight faces
of the F&O chemical bond, as summarizeéeidnres ands (when the iron oleate batch was consideregptimal), were
and inTable 2 From a microscopic point of view, the changealso tested with these iron stearates. As obseRigdrin 8
in the mechanism is deeplyedent. While in dry conditions without dehydration, the cubic morphology can not be
an O atom of the St ligand must be provided to Fe, thusbtained. Nanocubes with higher shape quality were
involving the cleavage of &@bond in the St chain and the synthesized with dehydrated iron stearates. Thus, the
formation of a new B© bond, in hydrated condition the O dehydration of iron stearate precursor appeared as very
atom of the F8O oxide block is provided by water. The Stimportant to control the shape of NPs. This is in agreement
ligand does not undergo any bond cleavage but uptakes thgh our empirical experimtal observation that the
proton released during the dissociation of fBenkblecule in  dehydration time of iron oleate on Mg®@s one parameter
a rather smooth way passing across the formation of a Zundalcial to obtain iron oleate precursor suitable for the
complex. This is a common feature in any water envirhmennanocube synthe&isBoth nanocube synthesis led to $ore
and, as such, realizable with a negligible activation barrier.shell FEO@FgO, composition as commed by XRD

The molecular modeling can thus provide a clear insight intneasurement{gure Sp Lattice parameters calculated from
the role of water in the stabilization of iron stearate and allovRietveld renement gave a parameter of 8892A for the
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shell close to that of stoichiometric magnetite (0.8396 nnthelating ligands than iron(ll) stearate contributing thus to the
JCPDS le 19-629) and of 4.237 1 A characteristic of an cubic growth.

FeO wustite core. Such a c8shell composition was also

reported when using the oleate prec(sor. CONCLUSION

h Thus,(\j/ve did not §L|cheedt|n sy?thebsmmg natnhocubers With1\yo FeSt and FeStiron stearate precursors have been
ous&nd commercial Iron stearales because they Were Mg, ihagjzeq by coprecipitation technique and dehydrated.

hydrated whatever their synthesis conditions (coprecipitati en they have been used to synthesize spherical 10 nm
in water or biphasic synthesis) than the iron oleate obtain Ps and nanocubes following standard procedures established

mainly by biphasic approach. That may be explained by e ier ysing commercial Ré&n stearate arid houséon
fact that iron oleate is generally obtained as an oily produ ate

when iron stearates, whatever their origin: whether commerciaj eSi precursors were shown to produce spherical NPs with

O(Iilnbhouisehey are un;]je(; tf;e(;‘otrhm of powdler.tThde Stiar‘;ﬁeﬁi slightly higher mean diameter and with a higher yield than
wi the gvgays more _tyt_rae_ "ftm |r_:_)n fo ea t?1 ue to belfeS§. The dehydration of these stearates was shown to induce
Synthesis by coprecipitation in water. 1o form (€ nanocubes light increase in the spherical NPs diameter and yield. From
sodium oleate is added to the reactants mixture in replacem rmal analyses and modeling, it was demonstrated that
of .3 part 0; the Zu?;]acta?t tg _ads?r:b on scptﬁmt:es ofdlron plydrated and dehydrated ReSfully decomposed at a lower
oxide seeds and then 1o drive the growth toward a CUbieneratyre than Fe3ind that the dehydration favors the
mprph%Logy. The high ability of sodium oleate to formye.omposition of stearates. The yield andntiemean size
mlc:all_e tﬁt '3‘.” v;/tateir col;]tcgntratlon |rt1)orgapt|t(1:hsolventdwoul f spherical NPs are thus clearly related not only to the nature
expiain 'el dicu ¥ 0 ct) alrr:_nﬁmoc% %s ‘{V'd Souds_an oqrQtron stearates FeSt FeSy, which induce the presence of
_comlme(;c!a Iron ?I eara ea Vf[’h'c arte y raﬁ ' d(') |um|o eta h stearates with dirent thermal stabilities, but also to their
involved in micelles, and thus not enough sodium Oleale Iz, ation rate, as the dehydration led to an increase in the
available to favor a perfect cubic growth. Nevertheless, g omnosition kinetics. Modeling further showed that the
decomposition kinetics should also be important. Aft€fopydration caused by the temperature induced the departure
dehydration, the distribution of precursors seems le a water molecule along with the reduction ®f ifie
broadened. After the germination step280°C (area Il - o+ 1,5 \when water molecules are strongly bounded to iron

in Fig“rt‘? > thfe vtveight loss (a;ea ”It.m-g?(re ;}s is higher atoms, they are responsible for the intermediate formation of
suggesting a fastér monomer formation XINelcs In agreemelik o jyyilding units requiring higher temperature in the iron
with modeling experiments. Thus, dehydrated iron stearates. o N Ps formation process

would favor a higher growth kinetics. Nevertheless, theFinaII ; :

R . . y, the formation of nanocubes required dehydrated
Sanocube sd|zfe IS hlghler with Eg3han F?I_%d wh|c|ké b iron stearates, which may be explained by their higher
ecomposed faster at lower temperature. That wou € composition kinetics and by the fact that sodium oleate in

agreement with the fact that smaller nanocube sizes gffs rosence of water formed micelles preventing this ligand to
generally obtained when applying high heating’r&tes. olay its role of shape control
In uence of Aging on FeSk. As the iron oleate precursor ™ 1 patter understand the drences between stearates and

was obsga_rved to be altered Wi.th agif‘g and storage cqnditiog.% e ect of the hydration state, the structures of all stearates
the stability of Feshas been investigated as a function of

aging time. It has been stored in a vial in a desiccator under e curre;ntly further _investigated by cqmbiningr_&ﬁt

Then it was decomposed in a standard synthesis of 10 nm N%ﬁsaracterlzatlon, experimental, and modeling techniques.

at di erent aging times. Thg NPs size was found to be similar ASSOCIATED CONTENT

after one month, but after six months, the mean size decreased . .

by 1 nm and by 1.5 nnnally after one yeafrgble 3. The Supporting Information

The Supporting Information is available free of charge on the

Table 3. Mean Size of NPs Synthesized Each Month for OneACS Publications websaeDOI: 10.1021/acsanm.8b01123

Year with the Same FeS$tored up to 12 Months TEM images of NPs synthesized by thermal decom-
months 0 1 6 12 position using the nanocubes protocol and the following
mean size (hnm) 9% 0.85 9,6 09 85 1.0 82t 1.1 iron precursors: (a) an iron oleate and (b) a commercial

iron stearate, TEM images of NPs synthesized by
thermal decomposition using the nanospheres protocol
aging time of the stearate has then a slighgrioce on the size and a commercial iron stearate containing impurities,
of the NPs. Indeed, the storage conditions were not strict, and  TGA curves of derent samples of hydrated iron

a hydration of iron stearate has occurred with time leading to
lower NPs size. A storage under vacuum or inert gas should
allow a longer storage quality of the precursor. Still up to one

stearates, infrared spectra of Fe®ter thermal
treatment at derent temperatures. Alkyls bands are

month,“simplé storage conditions can be used. located in the high-frequency region of S2800
These results also demonstrated that, from the point of view  cnP!, HRTEM and Rietveld reements for the spheres
of the synthesis of precursor at low price, Fe§tbe used and cubes, TEM images of NPs after the two-step

for the standard synthesis of 10 nm NPs. For a tuning of the o \ihaqis process as a function of the nature of stearates,
shape, dehydrated iron stearates appear more suitable leading . .

to more dened nanocubes, and the cubic shape with iron(lll) DTA curves of the four iron stearates, and superposition
stearate appeared morergel than iron(ll) stearate. That of TGA, DTG, and DTA curves of four iron stearates
may be related to the fact that iron(lll) stearate bore more (PDBR
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