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Abstract
Iron carboxylates are widely used as iron precursors in the thermal decomposition process or
considered as in situ formed intermediate precursors. Their molecular and 3D-structural nature has
been shown to affect the shape, size and composition of the resulting iron oxide nanoparticles (NPs).
Among carboxylate precursors, stearates are particularly attractive because of their higher stability to
aging and hydration and they are used as additives in many applications. Despite the huge interest of
iron stearates, very few studies aimed up to now at deciphering their full metal-ligand structures and
the mechanisms allowing to form on a controlled fashion the bottom-up NPs formation. In this work,
we have thus investigated the molecular structure and composition of two iron sterarate precursors,
synthesized by introducing either two (FeSt;) or three (FeSts) stearate (St) chains. Interestingly both
iron stearates consist of a lamellar structures with planes of iron polynuclear complexes (polycations)
separated with stearate chains in all trans conformation. The iron content in polycations was found
very different between both iron stearates. Their detailed characterizations indicate that FeSt; is
mainly composed of [Fes-(us-O)Sts xH,0]Cl, with no (or few) free stearate whereas FeStsis a mixture
of mainly [Fe7(us-O(H))s(H2-OH)xSt12-2x]St with some [Fes(us-0)Ste.xH,0]St and free stearic acid. The
formation of bigger polynuclear complexes with FeSts; was related to higher hydrolysis and
condensation rates within the iron (lll) chloride solution compared to the iron (ll) chloride solution.
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These data suggested a nucleation mechanism based on the condensation of polycation radicals

generated by the catalytic departure of two stearate chains from iron polycation based molecule.

Keywords: iron oxide nanoparticles, iron stearate, iron stearate composition and structure, iron

stearate synthesis mechanisms, nucleation mechanism

Introduction

Metal carboxylates, also known as metal soaps, are produced by the reaction between metals and
organic fatty acids. They are used as catalysts for chemical reactions such as organic polymerization in
the manufacturing of synthetic rubber and also as additives in the paints and inks industry and in
lubricating oils and greases. The carboxylates of transition metals (Fe, Mn, Co), and in particular iron
(1) stearate?!, are the most-used prodegradants of the Totally Degradable Plastic Additives type. In
addition, they are also widely used as precurors for the synthesis of metal or oxide nanoparticles (NPs)
by the thermal decomposition process.

Since the 2000s2™%, this thermal decomposition method quickly developed for the synthesis of a
large variety of NPs such as quantum dots, but also of iron oxide NPs (IONPs), which are used in a broad
range of applications including the promising nanomedicine®”. Its interest relies on the separation of
nucleation and growth steps which is a key factor to obtain NPs with a narrow size distribution but also

10-12 In order to achieve such control of nucleation and growth

to tailor their size>*®° and their shape
steps, the precursor must be stable at low temperature and decompose upon heating rapidly with a

controlled rate to ensure NPs monodispersity'®. The most common iron precursors are Fe(acac), (acac

)3,4,14 2,8,11,15~

= acetylacetonate and iron oleate 18 (unsaturated C18) but other precursors are also used
such as iron stearate®'°2! (saturated C18) or carbonyls Fe(CO)x?*%. It has been reported that reaction
mixture involving oleic acid with iron pentacarbonyl or Fe(acac)n would conduct to an intermediate
iron oleate precursor during the synthesis process??*. Despite humerous publication on the IONPs
synthesis process involving iron carboxylate precursors, few studies have investigated the effect of the

chemical nature of the precursor?>?>31

on NPs characteristics and synthesis mechanisms.

The washing and aging conditions of iron oleate?’ and the alkyl chains’ length of the iron
carboxylate precursor®! have already been shown to affect the IONPs size and shape. The nature of
precursors and the amount of surfactant have also an impact on the IONPs synthesis of specific size
range.32. We reported recently a strong role of the precursor nature and of its pre-heat-treatment on
the shape of IONPs*®. We synthesized iron stearates, FeSt, and FeSts (St=CisH3s0;), through
coprecipitation of the metallic salts and sodium stearate in water (ratio metallic salt:sodium stearate;
1:2 and 1:3 for FeSt, and FeSt; respectively). In the same synthesis conditions, FeSt; led to a large range
of NPs size (6 to 25 nm) when FeSt, allowed only a smaller range (9 — 15 nm)33. However, not only the
size can be impacted but also the shape: by applying the same anistropic thermal decomposition
parameters, FeSt; led preferentially to nanocubes when FeSt, favoured the formation of nanoplates?.
Some hypotheses have been drawn to explain these differences between both precursors by
investigating their thermal behaviour and modelling®. Indeed, FeSts would be composed of several
precursors displaying a higher thermal stability by comparison with FeSt,. These different studies?>3%33
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showed clearly an influence of the nature of precursors on the size and shape of IONPs. Therefore, it
appears important to characterize the structure and composition of iron stearates to better
understand their effect in the thermal decomposition process.

Several papers have dealt with the structure and composition of Zn or Cr stearates or acetates but
very few papers dealt with pure iron precursors®*. Indeed, the structure and composition of long chain
carboxylates are not easy to determine and it is also more complex because iron can display different
oxidation degree. The structure of iron oleate has been investigated only recently by Chang et al?®.
They studied the structure of iron oleate (synthesized by a ligand exchange and phase transfer process)
and reported, from MALDI-TOF MS analysis, a structure based mainly on p—oxo FesO(0,CR)¢(H.0)3
with R = Ci7H330,%°. They noticed that, after heating at 100°C in presence of 1-decanol added to
enhance the precursor decomposition at low temperature (esterification reaction), bigger polycations
would be formed composed of 4 to 6 iron ions. From the combination of different analyses, they also
proposed a continuous growth mechanism without a clear nucleation step as synthesis mechanism of
IONPs in this route. Similarly, Feld and al.® formed pure iron oleates by reaction at 60°C of iron (II) and
iron(lll) carbonates with oleic acid. They identified, using MALDI-TOF MS, multiple p—oxo complexes
in the so formed iron oleates whose proportions depend on the iron (ll) or (lll) source. They followed
then the evolution of these iron oleates during thermal decomposition and observed a reduction
process and the formation of a polymeric iron oleate network prior to nucleation. Doyle et al.3%’
investigated the extraction of iron ions using decanoic acid. They reported the formation of
Fes3(OH)(0,CR)s and Fe3O(0,CR)s (R = CioH15) complexes having a ps-oxo core. They suggested that the
formation of such structures was due to the polymerisation of intermediary species such as
[Fe(OH)(0,CR)2] and [Fez(OH),(0,CR)4], which react together to give trimeric species: Fes(OH) with
chelate or monodentate coordinated carboxylates. After ageing or dehydration, this species with
monodentate and chelate carboxylates will convert into Fes(OH) bearing bridging carboxylates.

The structure of iron stearates has been firstly investigated earlier by Abrahamson et al/® while

I.39

Nakamoto et al.>” studied its interaction and solvation with pyridine. Some mixed-valence trinuclear

,Fe"O(0,CR)sLs] (with R alkyl chain and L solvent molecule or

[M—oxo iron carboxylate complexes, [Fe
ligand) were proposed and the solvation to balance the charge would lead for acetate to
[FesO(0,CCHs)sL3](0,CCH3)3°. Abrahamson et al.?® reported that commercial FeSt, was a mixed valence
compound (p-oxo trimer) [Fe",Fe"O(St)s(H.0)s] in agreement with Nakamoto et al. For FeSts,
Abrahamson et al. reported that the commercial product consisted of a mixture of stearic acid and a
trinuclear p-oxo Fe(+lll) cluster (trimer) and for the FeSt; that they synthesized, they proposed the
following p-oxo trimer: [FesO(St)s(H20)s3][St]. Therefore, the determination of the structure and
compositions of iron carboxylates and especially for iron stearate needs to be completed and remains
a challenge due to the involvement of long carboxylate chains and to the several oxidation degree of
iron.

By tuning the synthesis conditions of iron stearates and by determining their structure and
composition, we aim at demonstrating that the design of iron precursor is an important step in the
nanoparticle synthesis. We selected the coprecipitation method to elaborate iron stearates. Indeed,

iron oleate is mainly synthesized using a ligand exchange and phase transfer process (iron chloride is
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solubilized in a mixture of water and ethanol and soduim stearate in the organic phase, the iron oleate
phase formed in the organic phase)'?54° and iron stearate was at first synthesized by Abrahamson et
al®® by coprecipitation in water. We tested both methods but we faced solubility problems of soduim
stearate with the biphasic method and observed the recurrent formation of a water/hexane emulsion.
We noticed also a great impact of the soduim stearate purity on the iron stearate synthesis
reproducibility. The coprecipitation method appeared simpler to process by comparison with the
biphasic one, there are also very few papers on iron stearates and we wanted to be able to compare
our results with those of Abrahamson et al. Therefore, we developped the iron stearate synthesis by
the coprecipitation method. The characterization of iron stearates by combining different
characterization techniques demonstrated that iron stearates consist of lamellar materials which
present, depending on their synthesis conditions, polycations with different iron content. The
identification of such structures allows thus to understand the decomposition behaviour of the

different stearates’ precursors and to propose an original nucleation mechanism.

MATERIAL AND METHODS

Synthesis of both iron stearate precursors. Iron stearate (Il) and (lll) were prepared by
precipitation of sodium stearate and ferrous chloride or ferric chloride salts in an aqueous solution as
previously reported?3,

Characterization techniques

Electron paramagnetic resonance (EPR): X-band EPR spectra were recorded with a continuous-wave
ESP-300-E spectrometer (Bruker Biospin GmbH, Germany). The resonator is a Bruker ER 4102ST
standard rectangular cavity operating in the TEips mode equipped with an ESR900 Oxford cryostat
(v[B.3 GHz in X-band). Temperature was measured with a Cernox sensor (accuracy: AT/T I5%).

The spectrometer was tuned so as the settings (modulation coils, incident microwave power) do not
distort the EPR signal.

MALDI-TOF: To get complementary informations on the structure of FeSt, and FeSt; complexes, mass
measurements were carried out on an Autoflex™ MALDI-TOF mass spectrometer (Bruker Daltonics
GmbH, Bremen, Germany). This instrument was used at a maximum accelerating potential of 20 kV in
positive mode and was operated in linear mode at 19 kV. The delay extraction was fixed at 80 ns and
the frequency of the laser (nitrogen 337 nm) was set at 5 Hz. The acquisition mass range was set to
1000-6000 m/z with a matrix suppression deflection (cut off) set to 500 m/z. The equipment was
externally calibrated with a standard peptide calibration mixture that contained 7 peptides (Bruker
Peptide Calibration Standard #206196, Bruker Daltonics GmbH, Bremen, Germany) covering the 1000-
3200 m/z range. Each raw spectrum was treated with flexAnalysis 2.4 build 11 (Bruker Daltonics GmbH,
Bremen, Germany) software.

Sample preparation was performed with the dried droplet method using a mixture of 0.5 pl of sample
with 0.5 pl of matrix solution dry at room temperature. The matrix solution was prepared at 10mg/ml
of 9-nitroantracene in dichloromethane in our case selected to be able to compare our results with

those of Feld?® and Chang?). In the case of iron cations, redox phenomena are not excluded as well.



Finally, the presence of positive adducts such as Na* or K* is always possible. We expected the positive
charge to originate from the loss of a stearate chain (St’), redox process in the iron center (loss of an
electron) or presence of a positive adduct (H*, Na* or eventually K*).

Elemental analysis: Iron was quantified by ICP-AES of FeSty dissolved in nitric acid solution, while

oxygen and carbon plus hydrogen were quantified by O and CHN microanalysers.

STRUCTURAL AND CHARACTERIZATION RESULTS

Fe oxidation degree by Méssbauer and electron paramagnetic resonance spectroscopies.
Mossbauer and electron paramagnetic resonance (EPR) spectroscopies have been used to determine
the oxidation degree of Fe in iron stearates. For each stearate, Fe(lll) species with mainly two different
environments are noticed. From Md&ssbauer spectrometry detailed in reference3, the first
“environment” (IS = 0.5 mm.s?%, QS = 0.7 mm.s? with IS: isomer shift; QS: quadrupole splitting) is
present in both precursors, and with a proportion larger than 50%. It is characteristic of HS (high spin)
iron lll in a distorted octahedral environment. For FeSt,, we observed a second quadrupolar doublet
(IS=0.5 mm.s, QS = 1.15 mm.s?), which was assigned to FesO in iron acetate® 4. That is consistent
with the increase of QS showing an increase of the electric field gradient around the nucleus, which
may be related to the short Fe-O distance in p-oxo compounds®. For FeSts, the second doublet (IS =
0.5 mm.s%; QS = 0.5 mm.s) with a lower QS would be related to HS Fe (I11) in a less distorted octahedric

environment. A first difference between FeSt, and FeSt; is visible from Mdssbauer spectra.

Continuous-Wave EPR spectroscopy performed at X-band (ca. 9.3 GHz), detailed in Sl part,
revealed at least two species for each stearate derivative (Figures S1 and S2). Both compounds display

" complex in the axial

a strong signal around g = 2 associated with a high-spin state (5=5/2) of Fe
symmetry and corresponding to the lowest Kramers’ doublets energy. The small hump observed at
low field for FeSt, most likely originates from a high-spin (S=2) Fe" species. For FeSts, the peak at g =

species in the rhombic symmetry and is associated

4.3 implies the presence of a high-spin (5=5/2) Fe
with the intermediate Kramers’ doublet?.

RPE and Méssbauer spectroscopies evidenced the presence of small amount of Fe?* in “fresh” FeSt,
but otherwise all stearates would exhibit Fe3* with two different environments.

Lamellar structure by X-ray diffraction, IR spectroscopy and SAXS. Powder X-Ray diffraction
(XRD) patterns of FeSt, and FeSts exhibit peaks characteristic of the Bragg reflection of (00/) plans
(Figure S3A). These XRD patterns are characteristic of a lamellar structure, which was also confirmed
by SEM and TEM images of FeSt; and FeSt; (Figure S3B&D). In FeSt, XRD pattern, only one serie of
harmonic is observed, with an unusual asymmetric behaviour (the even reflections are less intense
than the odd reflections), while two “populations” are observed for FeSts. The d(001) distance, which
corresponds to the distance between two iron layers, gives information about the packing of the alkyl
chains. For FeSt,, d(001) = 49.5 A = 2L (L= length of a stearate chain) would be characteristic of alkyl
chains in all-trans conformation perpendicular to an iron layer. The analysis of FeSt; is more complex
with d(001) = 39.1 A and 24.0 A. The last value corresponds quite to the length of one stearate chain,

while the first one is lower than two stearate chains in all-trans configuration as observed with FeSt,.



Such values could be explained either by chain intercalation/interdigitation or by the presence of an
angle between the iron layer and the alkyl chains (Figure S3D). The FeSts structure is quite different
and more complexe than that of FeSt..

A SAXS analysis (Figure S4) has also confirmed the lamellar structure of these iron stearates. FeSt;
is organized in a lamellar crystal phase "Lam0" (reflections (001), periodicity d = 50.7 A in agreement
with XRD), with a lateral arrangement of the aliphatic chains in a two-dimensional hexagonal subarray
of rotator type (heh, o = 4.12 A; section of the chains: Se, o = 19.6 A?). FeSts formed a classical three-
dimensional lamellar crystal phase "Lam0" (reflections (001), periodicity d = 50.1 A), in which the
signals of the crystalline phase and of the excess stearic acid are superimposed.

FTIR spectra are given in reference3 but they are more in depth analysed here. Both FeSt, and
FeSts IR spectra exhibit main bands which can be attributed to alkyl chains (vs(CH2) = 2847 cm™; vas(CH2)
=2915 cm?) (Figure S5) and carboxylate bands (peaks between 1700 and 1300 cm™) (Figure S6B, Table
S1). From the alkyl band analysis (Figure S5B&S6A), both compounds adopted a hexagonal packing
with an all trans-conformation of the chains. Both IR spectroscopy and SAXS confirmed the lamellar
structure of iron stearates. FeSts is shown to contain free stearic acid, the peak at 1700 cm™ in IR
spectra (Figure S6B) is ascribed to free stearic acid and not to monodentate coordination.

From the carboxyl band intensities and position (Figures S6B&S7 and Tables S1&S2), which have been
carefully compared to those of soduim stearate and stearic acid and which attributions are detailed in
Sl part, FeSts displays mainly a COO bridging coordination (Av = 1577-1418=159 ¢cm) when FeSt;
displays mainly a chelate coordination (Av = 1525-1445= 80 cm™). To investigate a possible interaction
of carboxylate groups with water molecules, the synthesis of FeSt; and FeSt, has been conducted in
D,0, which has a higher capacity to solvate polar species compared to H,0 (Figure S8). Their analysis
in Sl led to conclude that FeSt; consists mainly of bridging carboxylates, with one oxygen involved in
H-bonding with water molecules, and chelating carboxylates. For FeSt,, the carboxylate coordination
is mainly chelating with some bridging coordination without water interaction. We observed further
that a heat treatment at low temperature of FeSts leads to the chelating coordination as shown in IR
spectra in Figure S9. The observation of a more predominant chelating coordination is quite surprising
as most published structures reported mainly a bridging coordination of carboxylates.

The possible presence of Fe-O-Fe bonds (such as in a FesO polycation) has been investigated by
considering bands in the range 700-400 cm™ (Figure S10 and detailed analysis in SI). They are generally
scarcely assigned in litterature due to their low intensity. We do observe two bands at around 600 and
580 cm™ for both precursors, which are more intense for FeSts than for FeSt, and could be an indication
of the presence of more Fe-O features in FeSts.

Polycations identification. The MALDI-TOF analysis has been performed to determine the
composition of iron polycations and spectra are given in Figure 1. There is a strong difference between
FeSt, and FeSt; spectra in the region 3000-4500 Da, where intense peaks are detected for FeSt; but
not for FeSt,. On the other hand, peaks between 1200 and 2100 Da look very similar at first sight. Focus
in this region is shown in Figure 1. Three peaks at m/z = 1316, 1599 & 1883 Da are identified, which
differ by 283 Da, the mass of one stearate chain. It matches quite well with the theoretical mass of
complexes [FesOSt,]*, with n =4, 5 & 6 (theoretical mass of 1317.4, 1600.9 and 1884.4)(Figure 2). The
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lowest peak at m/z = 1282 Da cannot be linked to [Fe3OSt,]* since it does not differ from 283 Da. The
mass difference with [FesO0St4]* is 34 Da which is too low to correspond to an iron but too high to be
only one oxygen. We found a good correspondence with a complex having a dimeric structure close to
that reported earlier by Doyle®” and also by Feld et a/* with iron oleate, i.e [Fez(OH)(OH,) Sti]*. We

also found evidence of tetramers species such as Fe,0,Sts especially in FeSt,.
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Figure 1. (Top) MALDI-TOF spectra of FeSt; (red line) and FeSts (black line) positive mode. (Bottom)
Focus on the area 1200-2100 Da and 3000 — 4600 Da. Peaks assigned to FeSt; and FeSts are written in

red and black respectively. Shared peaks are written in blue.

Intensity (a.u)

For FeSts, five strong peaks are also detected at m/z = 3073, 3340, 3624, 3891 and 4174 Da. They
are separated in pairs by a mass of 283 Da (4174 - 3891 and 3624 — 3340) or 267 Da (3891-3624 and
3340-3073). The first one corresponds to the molecular weight of one stearate chain while the second
corresponds to the loss of one stearate chain and the addition of one oxygen atom. All these peaks are
at first attributed to the complex [Fe;OgHJSt13]*, where the loss of stearate chains would lead to the
different peaks. However, this would imply that, at each time, two stearate chains leave and one
oxygen atom is added. However, it would be very unlikely that the addition of oxygen comes from the
ionisation process. Therefore, instead of one complex, we propose, as detailed below, three different
complexes, each of them displays two peaks in spectra deduced by removing one stearate chain or by

absorption/addition of a proton:

+H* - St
[Fej"! OgHsSto]* (& = 3075.2) «— Fej OgHySty — [Fej" OgH,Stg 1™ (F = 2790.7)



+Ht - St~
[Fej" 0,HsSty; ¥ (& = 3626.1) «— Fej! 0;H,St1; — [Fel!! 0;H,St1o]" (Z = 3341.6)

+H* - St~
[Fej"! O6HsSti3]* (- = 4177.1) «— Fej! OgHyStis — [Fej!! OgH,St1, 1" (2 = 3892.6)

Some of the identified complexes for FeSt, and FeSt; were previously reported for iron stearate or iron
oleate?>26:3847 aspecially [Fe"s0Sts]* (Figure 2) [Fe',Fe"OSts]*, and also complexes very similar to
[Fe",Fe",(OH),St7]* [Fe'sFe",0,Sts]* and [Fe''sFe';O(OH)Sto]* reported by Feld et al*®. For FeSts, the
main complex would be based on a Fe;O(H)7:1 unit as suggested by this analysis (Figure 3). Such
structures are poorly reported in the literature, but few authors mention the formation of Fe,On:1 very
stable rings for n<5 and towers for n>5*4°, Considering the Fe/O ratio in these complexes close to or
higher than 1, they would explain the formation of wistite FeO nuclei proved recently in our
experimental conditions®3. It has also been demonstrated that strongly chelating and long alkyl chain
ligands are able to stabilize large polycations®®>!, Structures such as [Fei7(43-O)a(ps-OH)e(p2-
OH)10(L)g(H20)12] were thus synthesized by adding a solution of N(CH,COOH),(CH,CH,0OH) in an
aqueous solution of ferric nitrate® (pH not given). Very interestingly, this structure derived from a
[Fe7(u3-OH)s(p2-OH)s)°* core (Figure 3).

o_ _0 o | ®
o Fe \O>/\/\/ /\/\/< .
Fe,(K;-0)St, Fe,(K;-0)St..3H,0

Figure 2. Proposal of structure for FeSt2 based on FesO core (left) without water and tridentate coordinated

carboxylate (right) with water and bidentate chelate carboxylate. Water is represented by blue dots.
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Figure 3. Structure of the Fe7 core (A) with or (B) without (p2-O) bridge. Proposition of structure for the complex

Fez(us-O(H))eSt12]St with (C) bridging or (D) chelate stearate. For clarity, hydrogen atoms were omitted.

Determination of the composition of both stearates. Elemental analysis results were compared
with the published and theoretical ones of other reported iron stearates (Table 1). Due to
measurements incertitude and separated measurement techniques, the total weight analysis of both
iron stearates might not be 100%. Also, impurities such as sodium or chloride ions are not considered

by these analyses.

Table 1. Comparison between experimental results of elemental analysis and theoretical prediction with the

proposed structure

Fe (%) C (%) H(%) 0 (%) Cl (%) | Total
Experimental composition
FeSt2 | 9 | 676 | 11 | 97 | ND | 973
Theoretical composition
[FesOSts]St 7.7 69.8 11.4 11.1 0.0 100.0
[Fes0Sts]Cl 8.7 67.6 11.0 10.8 1.8 100.0
[Fe30Sts.3H20]Cl 8.5 65.7 11.0 13.0 1.8 100.0
Fe30Sts.2H,0]Cl 8.6 66.3 11.0 12.3 1.8 100.0

Experimental composition

FeSt3 | 64 |696+18]| 115+03 | 11.1+0.6 | | 986
Theoretical composition
[Fe;0Sts]St 7.7 69.8 114 11.1 0.0 100
[Fe30Sts]St + 25t 6.1 71.1 116 11.1 0.0 | 100.0
[FesOSte]St + St 6.8 70.6 115 11.1 0.0 | 100.0
[Fe;06HaSti2]St 9.3 66.7 11.1 12.9 0.0 | 100.0
[Fe;06HaSti2]St+ 7St | 6.3 69.7 116 12.4 0.0 | 100.0
[Fe;0¢HaSt1,]St+8St | 6.0 70.0 117 12.3 0.0 | 100.0

In FeSt,, the starting ratio of stearate to iron is 2 and matches with [Fes(us-0)Sts]. Normally from
experimental conditions using also a ratio equal to 2, no stearate should be available to act as counter
ion. Therefore, we suggest that Cl" acts as counter ion. The formula [Fes(us-0)Sts]Cl matches also quite
well with the results of the elemental analysis (Table 1) of FeSt,, while the formula [Fes(us-O)Ste]St
displays not enough iron atoms and too much carbon ones. In addition, Mossbauer spectrometry
showed that iron is in octahedral environment and IR spectroscopy that the carboxylates are bound to
iron atoms by chelating bidentate coordination. Thus, 6 oxygens should be bound to iron. However, in
Fes0OSte, considering carboxylates with a bidentate coordination, only 5 oxygens per iron are present
(6 chelating stearates each bringing 2 oxygens, plus one ligand (us-oxo) bringing 3 oxygens, so 15
oxygens for 3 irons). The missing oxygen to ensure an octahedral environment can come from aquo
ligand, as proposed by Abrahmson3 and Chang?® (Figure 2), or from carboxylate acting as tridentate
ligand (by being both bridging and chelate) as reported for Cu>3, Cd>**> or Tb°® carboxylates (Figure 2).

The elemental analysis is more in favour of the second hypothesis, especially because of the low
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oxygen amount, but the imprecision in these measurements makes it difficult to conclude
unambiguously. An important parameter also difficult to extract from these analyses is the water
content but TGA experiments (Figure S11) show a small weight loss below 100°C. At this stage, the
proposed structure for FeSt; is [Fes(us-0)Sts.xH,0]Cl. The weight loss of one water molecule for x =1 -
3 is about 0.9 % in agreement with the observed weight loss, suggesting the presence of water
molecules in FeSt,. However, one may notice that by comparison with reported structures based on
[Fes(us-0)Ste] unit, the carboxylates here are coordinated by chelating bidentate coordination while
the most reported coordination is the bridging bidentate one.

The MALDI spectra have also shown the presence of iron polycations with higher iron content

especially in FeSts. The composition of such polycation may be discussed by considering the FeSt;
structure. In FeSts; MALDI spectra, the iron complex with a ys-oxo iron core, similar to FeSty, is also
identified. However, because of the excess of stearate in FeSt; (stearate/iron ratio of 3) by comparison
with FeSt,, we suggest that the counter anion is more likely to be stearate than chloride one, leading
thus to the complex [FesOSte]St, as also reported by Abramhson®. Other complexes with formulas
[Fe;06H4St12], [Fe707H4St10] and [Fe;OsHaSts] are also identified. All of them probably derived from
[Fes(us-OH)s)(M2-OH)s]®* core®? (Figure 3A), which is formed by successive condensation of
[Fe(OH)s(H,0)s] and [Fe(OH),(OH,)4]* species in water. The full substitution of (u,-OH) bridges by
carboxylate would lead to the formation of [Fes(us-O(H))sSt12]St (Figure 3C& D), but given the species
observed in MALDI-TOF, a better description of our complexes would be [Fes(us-O(H))s(2-O(H))xSt12-
x]St.
However, firstly, the elemental analysis, especially the iron content, does not match with a [Fe;(us-
O(H))eSt12]St complex. As the stearate/Fe ratio (13/7 at maximum) in this complex is lower than 3 (and
even 2) and since the starting stearate to iron ratio is 3, an excess in stearate should be present in the
reacting medium. This assessment is also true for all complexes [Fe7(us-O(H))s(2-O(H))xSt12.24]St. Even
if [Fes(us-0)Ste]St (St/Fe = 2.3) is also present in FeSts, some free stearates/stearic acid molecules have
to be considered in FeSts to understand the excess of carbon. The presence of free stearic acid was
clearly deduced from SAXS analysis of FeSts, when it was not observed with FeSt,>’. By considering the
elemental analysis with an iron content around 6.4%, the presence of free stearate chains and also of
some [Fe30Sts]St based complex, we may conclude that this complex is Fe7(s-O(H))s(2-O(H))xSt12-2¢]St
and that free stearate/stearic acid are present in the mixture. The structure for the Fe; complex may
correspond to that based on the work of Heath et al*? which is given in Figure 3C&D with a bridging or
chelating coordination respectively. Concerning the water content, as for FeSt, we cannot exclude the
presence of water in [Fe3OStg]St structure and we know also that some water is involved in the bridging
coordination.

To confirm the composition of the two stearates, the TGA curves and especially the total
weight losses (Figure S11 and Table S3) of iron stearates have been considered (details in Sl part). For
both iron Il and iron Il stearates, the final product after TGA should be the oxydized iron (lll) oxide,
Fe,0; (Mw = 159.69 g/mol), considering that decomposition products such as hydrocarbons, cetone
compounds, water and carbon dioxide are evaporated. From different TGA experiments (cf. Sl part),

the final mean weight losses are 86.3+ 1.4 % and 92.8 + 2.3 % for FeSt, and FeSt; respectively. The
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experimental weight loss of FeSt,and FeSt; has been compared with the ones of the previous proposed
polynuclear structures. Once again, the complex [Fes3OSt¢]Cl gives results in accordance with the
experimental weight loss for FeSt,, while for FeSts, the total weight loss is too high for a complex with
a polynuclear composition of Fe;Os. Even if some [FesOSts]St complex is present in FeSts, it cannot
explain the observed weight loss. Free stearic acid needs again to be considered to find a theoretical
weight loss close to the experimental one. That is again in agreement with previous hypothesis on the
presence of free stearic acid in FeSts. In addition, the presence of free stearic acid is confirmed by the

presence of an endothermic peak at 68.6°C related to free stearic acid in FeSt; DTA curve®,

Investigation of the synthesis mechanism of iron stearates. Why different polycations?
Previous experiments evidenced that FeSt; would mainly consist of [Fes(us-O)Ste.xH20]Cl and FeSts
would be a mixture of [Fes(ps-O)Ste.xH,0]St, [Fes(ps-O(H))s(m2-O(H))sSt12-24]St and free stearic acid.
Reported results suggested that polycations would be formed by successive condensation of
[Fe(OH)s(H,0)s] and [Fe(OH),(OH,)4]* species in water during the coprecipitation steps. The hydrolysis
pathway of iron chlorides was thus investigated as well as their possible condensation and reactions
when sodium stearate is added. Indeed, the structural differences of FeSt, and FeSt; may originate
from different reactions occurring during iron Il & lll chloride hydrolysis when dissolved in water®®, and
then during the complexation reaction with stearates. Such investigation is detailled in Sl and the main

results are given below.

Table 2. Calculated hydrolysis of iron Il and Il in our experimental conditions (hydrated iron chlorides
solubilized in deionized water)

[Fe] M pH measured h calculated Main species
Fe ll 0.1 3.10 1.6 [Fe(OH)1.6(H20)4.4]%4
Fe lll 0.067 1.88 2.6 [FE(OH)z_e(H20)3_4]O'4

The analyses of the hydrolysis of FeCl, and FeCls let us to conclude that both iron chlorides are
hydrolyzed with a higher hydrolysis degree for FeCls than FeCl, (Table 2). After this hydrolysis step,
some condensation can occur either by olation M-OH + M-H,0 = M-(OH)-M + H,0, or by oxolation M-
OH + M-OH = M-0-M + H,0. It has been reported that condensation would occur for ferric cations at
a pH > 1, while a pH > 6 is proposed for ferrous cations®®8. However, the case of ferrous species is
particular due to the fast oxidation of iron (ll) in oxidizing environment like in our synthesis conditions
at 80°C in water and under air. For ferric ions, many oxo-hydroxide based species have been reported
in the literature (goethite a-FeOOH, alkagenide B-FeOOH...) and are very dependent on the pH. Rose
et al.*® investigated the early stage formation of iron oxyhydroxide from iron(lll) nitrate at pH 3, and
observed by SAXS the formation of iron clusters within the first seconds of mixing. It was reported that
the size of these polycations increases with the increase in pH®. As a result, species such as
[FesOp(OH)(H20)4] are formed in the water solutions of iron chlorides. As in our experimental
conditions, the pH of the ferrous and ferric solutions is 3.1 and 1.9 respectively, we can argue that

some condensation may occur especially with Fe(lll) solution as the pH of the ferric solution is higher
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than 1. The condensation should be rather limited within the ferrous solution whose pH is lower than
6.

Upon the mixing step between the iron chloride and sodium stearate solutions, several reactions
should occur simultaneously. Firstly, stearate ligands will complex iron cations, probably by
substitution of aquo ligands. They can also coordinate to iron cations, which are already involved in
polycations formed during the hydrolysis step. Secondly, since the temperature and pH are higher than
those of the pre-formed iron chloride solutions, condensation should also be favoured. The
competition between those two main reactions may drive the final structure of FeSt, and FeSt;s,
Oxidation of ferrous species is also expected due to the oxidizing environment. This will eventually
favor condensation, as we have shown that the condensation of ferric ions is easier. Nevertheless, the
pH stabilization of the mixture, below 6 for the FeSt, mixture and 3 for the FeSt; one, occurs quickly
within 30s (Figure S12) and it has already been reported that the presence of complexing agent such
as carboxylates could stop the condensation of iron by stabilizing polycations®&®,

For FeSt,, according to pH, an important condensation reaction in the iron chloride solution is not
expected as pH stays always below 6. Therefore, species such as [Fe(OH)(H,0)s]*, [Fe(OH),(H,0).] or
[Fe2(OH),(H20)g]?* are probably present before mixing with the stearate solution. Once in contact with
stearate, the complexation should start quickly on those species, to form the species predicted by
Doyle: [Fe(OH);St,], [Fea(OH),Sts] (Figure 4)3>3, Yet, oxidation will occur, favoring hydroxylation and
condensation. We followed the evolution of pH with time in the reaction mixture as shown in Figure
S12. As the chloride solution is “introduced” into the stearate solution, the initial pH of 9.5 is the pH of
the stearate solution. For FeSt,, following the mixing step, the pH drops to 5.8 and stays constant for
60s, before dropping again at 5.35. It was reported that condensation of ferrous species happens at
pH 5-6 which remains constant during condensation®. This would suggest that condensation occurs

during this mixing step with FeSt,.
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Figure 4. Proposition of mechanism for the synthesis of FesO core in water by condensation of
monomeric [Fe(OH),St,] and dimeric [Fe2(OH),St4] species. Hydrogen atoms were omitted for clarity

and OH is represented by blue dots.

Regarding FeSts, some polycations are already present in the chloride solution. Therefore, stearate
chain should substitute water on these polycations, which stabilize them and prevent them from their
growth. We can also expect to form, as with FeSt,, monomeric like [Fe(OH),St,] or dimeric [Fez(OH),St4]

structures, which would eventually form [Fe;0Sts]* by condensation (Figure 4). pH monitoring with
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FeSts (Figure S12) shows a quick drop to pH 2.9, which is high enough to promote condensation of
monomeric species. In addition, it has been reported that heating at 80-100°C of an acidic solution of
iron (1) leads to the formation of ps-oxo or ps-hydroxo units. Finally, we should keep in mind that in
the case of FeSts, we have three stearate chains for one iron. However, in all the reported structures,
the ratio St/Fe is often close to 2. Therefore, it would make sense to consider the presence of more
free stearates with FeSts than with FeSt,.

To conclude, this analysis suggests that polycations would be formed during the preparation of
iron chloride solutions with iron (lll) chlorides, but not likely with iron (Il) chlorides. Therefore, after
mixing with the stearate solution, stearate would form complexes such as monomeric or dimeric
species with ferric and ferrous iron, but also bigger polycationic structures with ferric ions. This analysis
confirms thus MALDI-TOF investigations that the precursors are rather a mixture of several complexes
with different iron atom contents.

Specific case of polycations in FeSts. Polycations would be present in the iron (Ill) chloride solution
even before the reaction with sodium stearate, but not in the ferrous chloride solution. Thus, the
complexation of sodium stearate on these polycations would lead to the formation of polynuclear
species for FeSts. The identification of [Fe;(u3-O(H))s (12-O(H))xSt12«]St complex with FeSts and not with
FeSt, supports this conclusion. In order to check further this hypothesis, FeSt; was synthesized by using
a ferric chloride solution at pH 1 by addition of HCI. At this pH, only [Fe(H,0)s)** is expected to be the
main hydrolysis specie and the solution is below the pH reported to favor condensation reactions. Fe;
based species were not identified in MALDI-TOF spectra (Figure S13), only species below 3000 Da were
identified as FesO based species (Figure 4). This supplementary experiment confirmed our hypothesis
that the condensation in iron chloride solutions leads to the presence of polynuclear complexes in the
as-synthesized iron stearates. One may further notice that no condensation would favor the formation
of FesO based complexes.

Secondly, the effect of the reaction time (15 min as usually and 60 min) on the formation of polynuclear
complexes has been investigated (after mixing of iron (lll) chloride at pH 1 and sodium stearate
solutions). No difference between the MALDI-TOF spectra was noticed, confirming again that the
polycations Fe; were formed in the chloride solution, and not during the complexation with sodium
stearate. However, a change in the IR spectra of complexes was observed when the reaction time was
1hinstead of 15 minutes (Figure S13). Indeed, the carboxylate coordination became bidentate chelate
instead of bridging after 15 minutes. Moreover, this reaction time effect on the carboxylate
coordination was also observed in the standard conditions (without setting the iron chloride solution
pH at 1). These results suggest that the “stable” carboxylate coordination would be the chelating
bidentate one but also that the carboxylate coordination does not depend on the type of polynuclear
iron complexes. The formation of the bridging coordination with FeSt; may be explained by the
following observations: i) water molecules are involved in the bridging coordination (experiments with
D,0) ii) reactions occur at pH 2.9, below the pKa of sodium stearate (pKa = 4.8) during FeSt; synthesis,
while the pH is at 5.8 for FeSt;, (Figure S13). There would be a competition between the coordination

of stearate on iron and the acidification of stearate to form stearic acid, which could form hydrogen
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bonds with water coordinated to iron. That may explain the presence of water in the bridging
coordination seen with FeSts, even if it is not the more stable coordination.

Therefore, without the preformed large polycations (but only monomeric or dimeric species as in
Figure 4) during the iron chloride solution formation, the main species are Fes(us-O(H))-based species
with a bidentate chelate coordination, while the presence of preformed larger polycations leads to the
formation of Fe;based clusters. The presence also of FesO based complex in FeSt; would be explained

by an uncompleted/heterogeneous condensation.

DISCUSSION

IR spectroscopy evidenced that FeSt, displays carboxylates that are mainly coordinated by
chelating bidentate bonds while for FeSts;, the main mode for carboxylate coordination is bridging
bidentate. However, some bridging and chelating bidentates are also respectively observed in FeSt,
and FeSt;. Mdssbauer spectrometry and EPR showed that the iron oxidation degree is mainly Fe(lll)
even if some Fe(ll) may be observed in very freshly synthesized FeSt,. Further, these both
caracterisation techniques supported the idea of Fe(lll) with two different environnements. The
MALDI-TOF analysis evidenced the presence of iron oxo polycations in both iron stearates. FeSt; would
mainly consist of [Fes(us-0)Sts.xH,O]Cl while FeSts would be a mixture of [Fes(us-O)Ste.xH20]St, [Fes(us-
O(H))s(2-O(H))«St12-24]St and free stearic acid. A lamellar structure for both stearates has been
evidenced by SAXS, XRD and IR spectroscopy and one may suppose that the structure of iron stearates
consists of planes of polycations separated by alkyl chains in different conformations. The presence of
lamellar structures considering these complexes is not surprinsing since it has been reported for other
metal alkanaote3#%3%%, Yet, it is important to point out that the lamellar structure should be formed
during the complexation of sodium stearate to iron. We have checked that stearates were not involved
in micelles. Indeed, our working conditions ([NaSt] =0.1 M =30 g.L'!) are below the reported value for
the Critical Micellar Concentration (cmc) of sodium stearate® (cmc = 200 g.L%). The observed different
interlamellar distances for FeSt; and FeSts could be due to their different carboxylate coordination and
to the supplementary presence of Fe; based clusters in FeSts by comparison with FeSt,. Moreover, the
second series of peaks in the XRD pattern of FeSt; could be attributed to free stearate/stearic acid, in
accordance with the SAXS study in SI°’, which showed that FeSt;formed a three dimensional lamellar
crystal, in which the signal of free stearic acid was superimposed. From all these investigations, it was
concluded that FeSt; is composed mainly of [Fes-(us-O)Ste.xH20]Cl, with no (or few) free stearate
(Figure 2) whereas FeStsis a mixture composed mainly of [Fes(js-O(H))s(2-OH)xSt12-24]St (Figure 3),
some [Fes(us-0)Sts.xH,0]St and free stearic acid.
Synthesis mechanism. Standard synthesis of 10 nm NPs by thermal decomposition of iron stearate in
presence of oleic acid at 291°C in octylether led to NPs with a mean size of 10 and 9 nm with FeSt, and
FeSts respectively. It was hypothetized that all complexes in FeSt; were not decomposed at 291°C
limitating their growth whereas quite full decomposition was observed for FeSt, . The hypothesis was
that as compared to FeSt,, FeSts displays a larger distribution of complexes with the presence of
complexes with higher thermal stability. That was confirmed also during the synthesis optimisation of

20 nm NPs which was performed by using solvents with higher boiling point®3. Indeed, obtaining NPs
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with sizes higher than 14-15 nm was hardly achievable with FeSt, when larger mean sizes were
obtained with FeSts. By considering these results and the main complexes identified in both stearates,
with FeSt; mainly constituted of [Fes-(u3-0)Sts]Cl and FeSt; mainly constituted of [Fes(us-0)Sts.xH,0]St
and [Fes(us-O(H))s(p2-O(H))sSt124JSt, one may advance that [Fes-(us-O)Sts] based complexes
decomposed at lower temperature than those based on [Fe;(u3-O(H))s(M2-O(H))sSt12]St. Indeed, larger
polynuclear Fe complexes or clusters would be more thermally stable, and so decompose at higher
temperature. These observations are in accordance with DFT calculations showing a higher binding
energy of the carboxylate ligand to iron clusters bonds for larger clusters®.

Furthermore, recent studies showed that the composition of the nuclei is wiistite?>33, Indeed, Fe
(1) in iron stearates are reduced in the nucleation temperature range and this reduction was
demonstrated to occur simultaneously with the departure of two precursor carboxylate chains. That
mechanism is supported by reported works on decarboxylation catalyzed by iron (1) cations leading
to a reduction in iron(+1) ®7%°, A Mdssbauer spectrometry study in temperature of both iron stearates
(detailed in ref. 33) evidenced complexes with Fe(lll) in two different environments with a proportion
close to 50:50 for starting stearates. When the temperature increases, the proportion of the doublet,
very similar for both stearates, with IS~0.5 mm.s*and QS~0.7 mm.s}, increases with temperature at
the beginning and then fluctuates depending on the iron stearate. At the end of the whole heat
treatment, its proportion is 56 and 75% for FeSt; and FeSt, respectively. As this doublet proportion
increases with the heat treatment, particularly for FeSt, and knowing that a great part of FeSt; is
“decomposed” during the germination step, one may attribute this doublet to iron atoms surrounded
by oxygen atoms, which are not provided by coordinated carboxylates. It would correspond to pz-oxo
bonds, which would originate from a polymerization of FesOSts building block to form larger
polynuclear complexes (Figure 5) similarly to what was proposed above for the elaboration of
polycations. Such a process would be in agreement with recent results reported by the Heyon's
group?®. They identified iron oleate (synthesized by phase transfer) as a FesO based cluster:
[FesO(CisH3302)6]*(C18H3302)( C1sH3302)2(H20)s. They used different conditions than ours: 1-decanol as
a solvent and a reaction promotor to slow down and favour the reaction below 200°C. They showed
thus that the thermal decomposition process would not consist of a germination step followed by a
growth step but it will be continuous with a growth from tri-iron oxo clusters to larger sized iron oxo
clusters followed by the formation of iron oxide NPs. Their DFT calculations and experiments showed
a high thermodynamic stability of large clusters. They hypothesized also that the growth of clusters is
driven by esterification of ligand moities (1-decanol and oleate) strongly bounded to the tri iron pzoxo
core. It would lead to a hydroxyl group on iron and then complexes growth by condensation between
hydroxyls group of clusters. The growth rate would be controlled by the esterification rate between
oleate from iron oleate and 1-decanol, which is controlled by the temperature. Our results would
support such a mechanism but we have no alcohol in our experiments, which concern only iron
stearates. Therefore, considering the structure of Fe;OSts complex in Figure 5 and our results, we
propose that around the germination temperature, there is a catalyzed loss of 2 stearate chains per

Fes0Ste base unit (decarboxylation catalyzed by iron Ill) together with reduction of Fe(lll) in Fe(ll). Then,
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a condensation reaction between complexes occurs, providing thus a quite “coherent” nucleation

mechanism as proposed in Figure 5.

1. Reduction of Fe;0 based unit following the equation:
A
Fe'0(RCO0), > Fe 0Fe'0(RC00), + RCOR + €O,

2. Condensation of two Fe;0 complexes together:
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Figure 5. Proposed mechanism for the thermal decomposition of iron stearate. First, the loss of two
stearate chains due to temperature is catalyzed by the reduction of iron. One oxygen of the carboxylate
stays bounded to iron, which is reduced. Secondly, because of the reduction of coordination to the

“surface iron”, condensation of Fes0; units is possible.

As FeSt; is composed of a mixture of large and small polynuclear complexes, the kinetics of
condensation/reduction should be different allowing observing intermediate state/complexes in this
process. The presence of large polynuclear complexes (by comparison with FeSt;) should lead to the
formation of mixed valence complexes, which should be deformed complexes due to the presence of
iron mixed valences. The redox character of these iron complexes should induce the whole reduction
process. All these “reactions” should occur simultaneously leading thus to a continuous reduction of

iron (Ill) complexes in iron (II) complexes.

CONCLUSION

The determination of the structure and composition of FeSt, and FeSts precursors used in the
thermal decomposition process has shown that iron stearates are constituted of iron based
polynuclear complexes. FeSt, consists mainly of [Fes(us-0)Sts.xH,0]Cl, when FeSts is composed of
[Fes(us-0)Ste.xH20]St but also of larger polynuclear iron complexes: [Fe7(ps-O(H))s(2-O(H))xSt12-2x] and
of free stearic acid. The formation of bigger polynuclear complexes with FeSts; was related to higher
hydrolysis and condensation rates within the iron (lll) chloride solution compared to the iron (ll)
chloride solution. The polynuclear complexes with high iron content would decompose at higher
temperature. Thanks to these different experiments, the presence of iron-based complexes with
different thermal stabilities was thus confirmed. The investigation of the nucleation mechanism
showed, that the formation of nuclei would result from a continous growth of polynuclear complexes
resulting from two reactions; a first reaction consisting in a decarboxylation reaction catalyzed by iron
(1) cations leading also to a reduction in iron(ll) and then, a condensation reaction between such
activated polynuclear complexes leading thus to FeO nuclei. With FeSts;, the bigger polynuclear

complexes thermallly more stable should contribute to the further grain growth. Such studies pave the

16



way towards a better control of the NPs design (in particular, their shape and size) by tuning of the

polynuclear complex composition.
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The studies of the structure and composition of iron stearate precursors and of the nucleation step
allow explaining the different characteristics of nanoparticles synthesized using these precursors. Such
control of precursor design paves the way towards a better control of the nanoparticles design.
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Figure S1. X-band EPR spectrum of powder sample of FeSt, recorded at 6 K
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Figure S2. Right: X-band EPR spectrum of the powder sample of FeSt; recorded at 6 K — left:

enlargement around g = 4.3

We have recorded continuous wave X-band EPR spectra at 6 K of Fe stearate powder samples to
identify their spin state.

The spectra of the two samples show an intense line around g=2 and weaker signals at lower fields. In
particular, the signal at g = 4.3 observed for FeSt3 directs us towards the high spin state of Fe'" (S=5/2)
and its three Kramers doublets (1/2; £3/2; +5/2). In this system, the ground state splits into three
doublets due to spin-orbit coupling with the excited states.

The representative Hamiltonian of the system is:

, 1 E _, ., 1
H =87 - 380 +1)|+5 (S} -5+ pH.g.5

where S? = 57 + SZ + SZ and E and D are zero-field splitting (ZFS) parameters.

This interaction scheme predicts a signal at g = 4.3 corresponding to the intermediate Kramers doublet
(£3/2) having a maximum rhombicity characterized by the ratio E/D=1/3. It represents a distorted
octahedral site of Fe". The g = 2 line should then be attributed to the axial (+1/2) doublet. Another
component (resonant field perpendicular to the D component of the ZFS) could be observed at g =6
for this (+1/2) doublet. Whereas it obviously does not occur for FeSt3, it cannot be discarded for FeSt2
where it could be obscured by the strong underlying component. As already mentionned, FeSt2 EPR
spectra exhibit broader lines than FeSt3. We suggest for FeSt2 some disorder which is responsible for
the coexistence of several species that we cannot separate. The very low-field hump (black arrow)
could reveal a high-spin (S = 2) Fe'" species. Although such integer spin species is expected to be EPR
silent at conventional fields and frequencies (X-band, 9.31 GHz), disorder may induce a distribution of
ZFS components, which in turn may allow the observation of such so-called “forbidden” transitions.
Note that the small peaks observed on the FeSt2 spectrum at 1546 and 3334 G (red arrows) are due
to impurities coming from the cryostat. They appear due to the required strong amplification to
observe the sample signal.

As a summary, we have identified for FeSt2 one Fe"'(5=5/2) and one Fe"(S=2) with certainly one or

more unidentified species, and for FeSt3, two Fe'"'(S=5/2) corresponding to octahedral sites with more

or less distorted axial symmetry.
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Figure S3. (A) XRD of the precursors at low 6-2 8 values. FeStz (red) and FeSts (black) XRD patterns display peaks
characteristic of a lamellar structure. (B) SEM of FeSt2 and FeSts, (C) TEM image of FeStzand (D) possible chain

conformations.
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Figure S5. IR spectra of FeSt, (red) and FeSts (black) in the 3600 -2500 cm™ area showing the stretching
of CH3 (2956 and 2972 cm™) and CH2 (2915 and 2849 cm™?)
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wagging progression of the alkyl chain as well as the rocking band (proving the lamellar structure). (B)
Zoom on the carboxylate bands exhibiting the difference of coordination for the two precursors (the
band at 1465 cm™ is attributed to 6CH,).
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Figure S7. IR spectra of stearic acid (green) and sodium stearate (yellow)

Table S1. IR attribution for the 1800 — 1300 cm™ area for stearic acid (HSt), sodium stearate (NaSt),

FeSt, and FeSts. Red line is for bridging coordination, green line for chelating (vw = very weak, w =
weak, m = medium, s = strong)

HSt NEN FeSt, FeSt; Attribution
1700 vs 1703 vw 1703 w v (C=0)
1686 w 1686 w v (C=0) (dimer)
1558 vs 1577 m 1577 s Vas(COO")

S5



1525 s 1523 m
1470-1462 m 1467 1465 s 1465 s 6(CHz2)
1429 s 1441 s 1445 s 1445 s
vs(COO)
1410 1419 s 1413 s 1418 s
Table S2.— Av calculated for HSt, NaSt, FeSt, and FeSts.
monodentate bridging mixed Chelating
NaSt 117,139
HSt 271, 290
FeSt; 164 m 80s
FeSt; 159 s 78 s

IR spectra of all stearates displayed similar carboxyl bands : two v,COO bands and two v.COO
with different intensities as a function of the nature of stearates (Table S1). The presence of weak band
at 1700 cm, in particular for FeSts, suggested the presence of very small amount of free stearic acid.
Similarly, the weak band at 1620 cm™ is only more or less clearly observed when the broad band
between 3500-3000 cm™ is visible. Otherwise, the foot of the peak, where carboxyl bands are present,
is quite large at this position and may include this small contribution. As in IR spectra of naked oxides,
a broad vibration band between 3600 and 3200 cm™ and the band at 1621 cm™ are assigned to the OH
stretching vibrations of water molecules (physisorbed molecular water) and to with their bending
mode respectively, this band has been attributed to the bending mode of water molecules.

Our main difficulty is the assignment of the carboxylate bands as for all iron stearates, several

vasCOO and vsCOO are observed (Figure S6B and Table S1). At first, we decided to consider the IR
spectra of stearic acid (HSt) and sodium stearate (NaSt) and to compare them to those of iron stearates
(Figure S7 and Table S1).
The IR spectra of HSt displayed carboxyl bands (1700, 1429, 1410 cm™) similar to those reported by
Abrahamson et Lukaski'. The intense peak at 1700 cm™ is assighed to Vc-o and peaks at 1429 and 1410
cm™ are assigned to group C-O-H stretches.The IR spectra of the commercial sodium stearate (NaSt) is
given in Figure S7 . One may notice that this compound displayed a lamellar structure (wagging bands
in the range 1350-1200 cm®). The absence of the hydroxyl vibration in the region of 3300-3500 cm
and the replacement of the carbonyl (C=0) stretching band, at ca. 1700 cm™, by carboxyl asymmetric
(vasCOO0) and symmetric (vsCOO) stretching vibrations indicated that NaSt is anhydrous and free of an
excess of carboxylic acid. The presence of the carboxyl bands confirmed a complete resonance in the
COO moieties as a result of coordination with the metal. The position of the carboxylate bands are
given in Table S1 and three carboxyl bands are indexed. There is a strong band v,;COO band at 1558
cm™ as expected and already identified in soduim alkanoates with different length of alkyl chains?. The
presence of two symmetric stretching frequencies meant that the viCOO band was split and indicated
extensive head group intermolecular interactions. Both vsCOO bands led to Av values (Table S2)
corresponding to a mix of bridging and chelating coordination which may be related to the observed
lamellar structure.

Considering iron stearates IR spectra, the carboxyl bands positions are compared to those of
NaSt, which is considered often as the ionic carboxylate; a larger splitting of the stretching frequencies
is often an indication of monodentate coordination: the v,sCOO increased when the v;COO decreased
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due to the breakdown in equality of the carbonyl group. The asymmetric and symmetric vibrational
frequencies in the monodentate carboxylate are closer to the vibrations of C=0 (~1700 cm™) and C-0
(~1400 cm™) in the carboxylic acid form. In our case, a weak asymmetric band at 1700 cm™ is observed
and could be attributed either to monodentate or free stearic acid.

For the chelating configuration, the carboxylate group has the same group symmetry as in the free
ionic state. Therefore, a decrease in v,,COO and an increase in v.COO frequencies are generally
expected (relative to those of carboxylate in the monodentate coordination state). Thus the bands at
1525 and 1445 cm™ are attributed to the presence of a chelating coordination in agreement with the
calculated Av value. An asymmetrical vibration of 1550 cm™ and symmetrical vibration at 1456 cm™
(4v =94 cm™?) has been reported for the bidentate carboxylate, Zn(02CCHs),.2H,0%%.

The bridging coordination of carboxylate has similarity to the unidentate coordination because in
the bridging coordination only one oxygen coordinated with one particular cation. But the group
symmetry in the bridging coordination state is similar to that in the chelate coordination. However the
chelate coordination of carboxylate caused the OCO angle to decrease in comparison to those of the
free ionic form and the bridging coordination. Therefore, relatively higher band positions (in
wavenumbers) may be expected for the carboxylate vibration in the bridging coordination mode.

In another paper, it is reported that, to differentiate between monodentate and bridging
cooordination, the v,sCOO is generally smaller in the bridging configuration. Therefore, the v,,COO
band at 1577 cm™ is attributed to the v.sCOO band of the bridging configuration. The strong band at
1445 cm™ being attributed to the chelating coordination, the band at 1413 or 1418 cm™ is considered
as the symmetric stretching frequency of the bridging configuration. Such v, and vs values are in
agreement with reported values for other carbylated compounds® and the so calculated Av (~160) is
in agreement with the Av range reported for a bridging configuration: 140-170.

One may observe that in our case, Avionic values are intermediate between those of the bridging
and chelating ones and the vas evolved similarly, which is completely different from previous reported
results. This may be related to the fact that these rules have been established with complexes with
short alkyl chains (mainly formate and acetate). Furthermore Deacon et al.® by comparing their ranking
with those of Manhas and Trikhas’ established that “some complexes with symmetrically bridged
carboxylates have both v,,COO and vsCOO at higher frequencies than the corresponding ionic values”.
Thus all stearates have a structure with carboxylates in bridging and chelate coordinations. From the
carboxyl band intensities, one may advance that FeSt; displayed mainly a COO bridging coordination
when FeSt; displayed mainly a chelate coordination.

Figure S8 showed that water has a role in the bridging structure. Indeed, the stearates synthesized
in D,0 all have a predominantly chelating structure. That led to conclude that the bridging coordination

in FeSts involved water molecules.
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Figure S9. IR spectra of FeSts (black line) before and (red line) after heat treatment at 140°C for 48h.

Possible presence of FesO or FeO bonds: Analysis of IR spectra below 700 cm
The possible presence of Fe-O-Fe bonds has been investigated by considering bands in the range
700-400 cm™. One may notice that the bands in this wavenumber range are generally scarcely assigned

in literature due to their low intensity. Moreover, the presence of vibration due to the coordination of
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carboxylate to iron leads to the appearance of bands in this area. Indeed, in addition to the presence
of vas and Vs as discussed previously, bands at 950 and 580 cm™, due to out of plan twisting, are also
reported in the literature?. The carboxylate scissoring™® 8coo is also often described at 670 cm™?, while
the rocking?® pcoo is expected around 540 cm™. For iron oxides, the IR spectra of stoichiometric
magnetite displayed one Fe-O-Fe peak at around 570 cm™ and maghemite with vacancy disordering
exhibited IR spectrum with two broad features at around 600 and 450 cm™, assigned respectively to
Fe-O deformation in Oh and Td sites and Fe-O deformation in Oh sites. According to Abrahamson et
al.r and Nakamoto et al.®, iron stearate with iron bridged by p-oxo trimer would display bands in the
100-400 cm™ range and around 600 cm™. They reported the FesO band position for different type of
complexes: [FesO(St)s(H20)s][St] at 582 cm™, [Fes0(St)s(H20)s][St].8H,0 at 585 cm™, commercial FeSt,
at 661 and 570 cm™, [FesO(St)s(H.0)s]* at 635 cm™, [FesO(Ac)s(H20)s]* at 609 cm™. Oh et al.l® also
attributed the vibration around 600 cm™ to the asymmetric stretching of FesO. In his paper reporting
the synthesis of Fe;04 clusters, Baran'! assigned the vibration at 475 cm™ to the Fe-O stretching.
Therefore, in many published data, the presence of FesO would be assigned to a band at around 600
cm™. The band positions of our complexes are given in Figure S9. We do observe two bands at around
600 and 580 cm™ for both precursors, which are more intense for FeSts than for FeSt,. Even if it is not
clear whether these two bands are due to carboxylate or Fe-p-oxo bridges, it could be an indication of
the presence of more Fe-O features in FeSts. The 667 cm™peak of FeSt, and 675 cm™ of FeSts are

attributed to scissoring of carboxylate.

Intensity (a.u)

700 650 600 550 500 450 400

Wavenumber (cm-1)
Figure S10. IR spectroscopy of FeSt; (red) and FeSts (black) in the 700 — 400 cm™ region.

MALDI-TOF Very recently, Chang et al*? used MALDI-TOF to investigate the structure of iron oleate

synthesized by the phase transfer process. They obtained a spectrum with several peaks and assigned

these peaks by considering the molecular weight of possible ionized entities in iron oleate. They
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assigned their main peak at m/z = 1872 Da to [Fe30(CigH33C00)¢]*. Other main peaks displaying a lower
intensity in the spectrum were attributed to [Fe3O(CisH33C00),]*, with 3<n<6 and are considered as
being “derived” from the main entity [FesO(CigH33C0O0)s]* by removing C1sH33COO unit. In Feld et al.13
work, iron oleate was synthesized by inducing a reaction between iron Il or lll carbonate and oleic acid
at 60°C. They have then investigated the influence of the iron source (FeCOs or Fe,COs) on the resulting
formed species and the evolution with temperature of the different identified species. They detected
from MALDI-TOF spectra a total of eight complexes in both iron Il and Ill oleates only differing in
intensities. Such complexes were positively charged by loss of an oleate ligand or by iron oxidation.
With iron II, the main identified species were [(Fe'"),(OA)s]* (m/z = 955.6), [(Fe")s(Fe"), 0,(0A)s]* (m/z =
2661.6) and [(Fe")(Fe")s 02(0A)s]* (m/z = 1927.2) with OA = C;17H33CO0" (m/z = 281.4), while for iron I,
they were [(Fe")s(Fe'), 02(0A)s]* (m/z = 2661.6), [(Fe")a(Fe'") O2(0A)o]* (m/z = 2942.6), [(Fe"),(Fe")
O(OA)s]* (m/z = 1590.0), and [(Fe); O(OA)s]* (m/z = 1871.2). One can see that there is a relation
between the last different complexes, since we have two pairs which have a difference of one oleate

(the charge being compensated by oxidation/reduction of iron).

TGA curves analysis
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Figure S11. TGA curves of FeSt, and FeSts. 1

At first, we considered the total weight losses of iron stearates. For both iron Il and iron Il
stearates, the final product after TGA should be iron Il oxide Fe,0; (Mw = 159.69 g/mol), considering
that decomposition products such as hydrocarbons, cetone compounds, water and carbon dioxide are
evaporated. From different TGA experiments (Table S3), the final mean weight losses are 86.3+ 1.4 %
and 92.8 £ 2.3 % for FeSt, and FeSt; respectively.

We compared the experimental weight loss of FeSt,and FeSt; with the ones we would obtain with
the previous proposed polynuclear structures. Once again, the complex [FesOStg]Cl gives results in
accordance with the experimental weight loss for FeSt,, while for FeSts, the total weight loss is too high
for a complex with a polynuclear composition of Fe;O¢. Even if some [FesOSts]St complex is present in
FeSts, it cannot explain the observed weight loss. Free stearic acid needs to be considered to find a
theoretical weight loss close to the experimental one. That is in agreement with previous hypothesis

on the presence of free stearic acid in FeSts.
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In addition, the presence of free stearic acid is confirmed by the presence of an endothermic peak
at 68.6°C related to free stearic acid in FeSts DTA curve in reference?®. Indeed, two peaks at 68.6°C and
98.6°C are observed for FeSt; while a single peak at 96.5°C was detected for FeSt, The first peak for
FeSt; is assigned to the melting of HSt, reported around 67°C in other publications . It confirms

unambiguously the presence of HSt in FeSts.

Table S3. Comparison between theoretical and experimental total weight losses of FeSt; and FeSts

Experimental Weight Loss

Average
FeSt, 86.6 % 87.6 % - 86.3+1.4%
FeSt; 92.7 % 88.2% 92.7% 91.7+23%
[FesOSte]Cl 873%
[FesOSts.3H20]CI 89.2%
[Fes3OSte]St 89.0 %
[Fe706HaSt12]St 86.6 %
[Fe706HaSt12]St +7St 90.9 %
[Fe;06H4St12]St +8St 913 %
[Fe707HaSt10]St 84.6 %
[Fes0gHa4Sts]St 82.0%

Investigation of the hydrolysis pathway of iron chlorides

The structural differences of FeSt, and FeSt; may originate from different reactions occurring during
iron (1) & (Il1) chloride hydrolysis when dissolved in water, and then during the complexation reaction
with stearates.

Hydrolysis of iron

The behaviour of metallic cations in water has been clearly described by Jolivet!” and can be
summarized by the following equations when considering iron. First, during the dissolution step in
water, the chloride ligand will be replaced by aquo ligand to give hexa-coordinated cations in an

octahedric environment for both iron 1l & IlI

FeCl,.nH,0 =3 [Fe(H,0)6]** + zCl™
However, because of the charge transfer H,0 2 M, the O-H bound is weakened, and thus the acidity
of the aquo ligand is enhanced. This favours the deprotonation of the aquo ligand (more easily than
water alone), and several acido-basic equilibria can be observed depending on the solution pH.
[Fe(H,0)]s + H,0 — [Fe(OH)(H;0)-6_p]“"M* + hH*
The deprotonation of the aquo ligand will be influenced by the nature of the metallic cation. Especially,
the higher z is, the more deprotonated the ligand because the M-OH; bond will be more polarized.

Another important parameter is the size of the cation, since a smaller cation would have a smaller
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coordination, so a more polarized M-OH; bond. However, since iron Il & Il have the same coordination,
this would not be relevant in our situation.
A model is proposed in Jolivet’s book to determine h, which is related to the hydrolysis rate, by using
the equation below, where z is the formal charge (+2 or +3), N is the coordination number (6 in both
case) and xm* is the Muliken electronegativity (1.72 for iron). The results of the calculation are given
in Table 3. One should note that the concentration is not the same for FeCl, and FeCls. This is because
the stearate to iron ratio is not the same for FeSt, and FeSts (2 and 3 respectively), but the
concentration of sodium stearate is kept constant for the synthesis. Therefore, we work at lower iron
concentration with FeSts.
(2.261 — 0.02pH — xm )

N
Those calculations can give an insight about the species that we have in solutions during the dissolution
step of iron chlorides. The results give Fe(OH)16(H20)s4 and Fe(OH),(H20)s.4 for FeSt, and FeSt;

respectively. Yet, this indicates that ferric ions are more sensitive to hydrolysis than ferrous ions.

1.362 — N(0.236 — 0.038pH) —

1
—\ X
[1 n 0.014pH]

However, one should be careful when interpreting these results. First, it is reasonable to suppose that
there are several species in solution. Secondly, the aquo and hydroxo ligands are very labile, and there
are perpetual exchanges between ligands. Finally, this calculation is made by using a model with
limitation, such as the non-consideration of structural isomers during the calculations.

is surrounded by “more” hydroxyl groups than Fe'.

Nevertheless it shows that the complex with Fe
We can also confirm that the difference in hydrolysis is not due to the difference in concentration.

Indeed, we calculated h for FeCl; at 0.1 M and found also 2.6 (pH = 1.77).

Condensation by olation or oxolation

After this hydrolysis step, some condensation can occur by either olation M-OH + M-H,0 = M-(OH)-
M + H,0, or oxolation M-OH + M-OH = M-O-M + H,0. It has been reported that condensation would
occur for ferric cations for pH > 1, while a pH > 6 is proposed for ferrous cations'’”*%. However, the case
of ferrous species is particular due to the fast oxidation of iron Il when in oxidizing environment like in
our synthesis conditions at 80°C in water and under air. For ferric ions, many oxo-hydroxide based
species have been reported in the literature (goethite a-FeOOH, alkagenide B-FeOOH...) and are very
dependent on the pH. Rose et al.’® investigated the early stage formation of iron oxyhydroxide from
iron lll nitrate at pH 3, and observed by SAXS the formation of iron clusters within the first seconds of
mixing, and it was reported that the size of these polycations increases with the increase in pH%.
Therefore, as we may advance that species such as [Fe,05(OH)(H20),] are formed/present in the
water solutions of iron chlorides before the addition in the sodium stearate solution and considering
that in our experimental conditions, the pH of the ferrous and ferric solution is 3.1 and 1.9 respectively,
we may advance that some condensation may occur especially with Felll solution as the pH of the ferric
solution is higher than 1. The condensation should be very limited within the ferrous solution which
pH is below pH=6.

Furthermore, during the preparation of iron chloride solutions, we observe that the solutions were

slightly turbid, but turned translucent if the pH was lower than 1. This is characteristic of the presence
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of hydroxide species in suspension. The ferric solution is prepared 20 minutes before addition, while
the ferrous solution was prepared just upon addition, in order to prevent the oxidation of iron. This
solution was green, indicating that oxidation of iron Il has not occurred. Therefore, we can advance
that prior to the reaction with sodium stearate, condensation has already begun within the ferric
chloride solutions leading to the presence of polycationic complexes, while no evidence of

condensation was found for ferrous ions.

Complexation of sodium stearate

Iron chloride solution is introduced in a RBF containing two or three equivalents of sodium stearate
(previously dissolved at 80°C) for iron Il and Il respectively. The solution is kept under stirring at this
temperature for 15 min (black line on the Figure S11). This duration of 15 minutes was chosen because

121, The pH of the starting stearate based

the reaction was adapted from previous established protoco
solution is 9.5, which drops following the injection of the iron chloride suspension into the stearate
based solution, as shown in Figure S11. One may notice that the pH evolution is different depending
on the nature of starting iron chlorides Il or Ill.

Upon this mixing step, several reactions should occur simultaneously. Firstly, stearate ligands will
complex iron cations, probably by substitution of aquo ligand. They can also coordinate to iron cations
which are already involved in polycations formed during the hydrolysis step. Secondly, since the
temperature and pH are higher than those of the pre-formed iron chloride solutions, condensation
should also be favoured. The competition between those two main reactions may drive the final
structure of FeSt, and FeSts Oxidation of ferrous species is also expected because of the oxidizing
environment. This will eventually favor condensation, as we have shown that condensation of ferric
ions was easier. Nevertheless, the pH stabilization of the mixture, below 6 for the FeSt, mixture and 3
for the FeSts; one, occurs quickly within 30s and it has already been reported that the presence of
complexing agent such as carboxylates could stop the condensation of iron by stabilizing
polycations!®?2,

For FeSt,, according to pH, we do not expect important condensation reaction in the iron chloride
solution as it stays always below 6. Therefore, we probably have species such as [Fe(OH)(H20)s]*,
[Fe(OH),(H,0)4] or [Fez(OH)2(H,0)s]** before mixing with the stearate solution. Once in contact with
stearate, the complexation should start quickly on those species, to form the species predicted by
Doyle: [Fe(OH),St,], [Fez(OH).Sty] (Figure 4). Yet, oxidation will occur, favouring hydroxylation and
condensation. We followed the evolution of pH with time in the reaction mixture as shown in Figure
S12. Because we introduced the chloride solution into the stearate solution, the initial pH of 9.5 is the
pH of the stearate solution. For FeSt;, following the mixing step, the pH drops to 5.8 and stays constant
for 60s, before dropping again at 5.35. It was reported that condensation of ferrous species happens
at pH 5-6 which stays constant during the condensation?. This would suggest that condensation occurs
during this mixing step with FeSt,.

Regarding FeSts, we have already some polycations in the chloride solution. Therefore, stearate chain
should substitute water on these polycations, which stabilize them and prevent their growth. We can

also expect to form, as with FeSt,, monomeric like [Fe(OH),St;] or dimeric [Fez(OH),St4] structures,
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which would eventually form [Fes0Sts]* by condensation (Figure 4). pH monitoring with FeSts shows a
quick drop to pH 2.9, which is high enough to promote condensation of monomeric species. In
addition, it has been reported that heating at 80-100°C of an acidic solution of iron Ill leads to the
formation of ps-oxo or ps-hydroxo units. Finally, we should keep in mind that in the case of FeSts;, we
have three stearate chains for one iron. However, in all the reported structures, the ratio St/Fe is often
close to 2. Therefore, it would make sense to consider the presence of more free stearates with FeSt;
than with FeSt,.

10_' = FeSt2
4 . A FeSt3
9+ - -
8 - -
2L A ]
T L
O 6 58 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . .
[ x ol []
° -45 o "my _
4 A _
L A
3 29 rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr k“k“‘“ rrrrrrrrrr =
2 | . IIIIIIII . IIIIIIII . IIIIIIII . IIIIIIII . IIIIIII . IIIIIIII —rrr
0.01 0.1 1 10 100 1000 10000 100000
time (s)

Figure S12. Evolution of pH with time in the neck after introduction of iron (I1) (blue square) or iron (l11)

chlorides (red triangle). The black line shows the time where the reaction is stopped.

To summarize, this analysis suggests that polycations would be formed during the preparation of iron
chloride solutions with iron Il chlorides, but not likely with iron Il chlorides. Therefore, after mixing
with the stearate solution, stearate would form complexes such as monomeric or dimeric species with

ferric and ferrous iron, but also bigger polycationic structures with ferric ions.

Influence of the synthesis conditions on FeSts structure

We made the hypothesis earlier that polycations would be present in the iron Il chloride solution
even before the reaction with sodium stearate, but not in the ferrous chloride solution. Therefore, the
complexation of sodium stearate on these polycations would lead to the formation of polynuclear
species for FeSts. The identification of [Fe;(u3-O(H))s (12-O(H))xSt12«]St complex with FeSts and not with
FeSt, supports this conclusion. In order to check further this hypothesis, we synthesized iron Il stearate
by using a ferric chloride solution at pH 1 by addition of HCI. At this pH, only [Fe(H,0)s]** is expected
to be the main hydrolysis species and the solution is below the pH reported to favor condensation. We
effectively observed that the solution becomes limpid after the addition of HCI. We performed then
the mixing with the sodium stearate solution as usual, and we did not identify any Fe; based species in
MALDI-TOF, only species below 3000 Da as FesO based species (Figure S12). However, no differences

were seen in IR spectra (Figure S13). This supplementary experiment confirms our hypothesis that the

S14



condensation in iron chloride solutions leads to the presence of polynuclear complexes in the as-

synthesized iron stearates. One may further notice that no condensation would favor the formation of

FesO based complexes.
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Figure S13. (Top) IR and (bottom) MALDI-TOF spectra of stearates synthesized with an iron chloride solution at
pH 1 after mixing with stearate solution for (blue) 60 min (red) 15 min and of “classic” FeSts for comparison (pH
of FeCls solution = 1.88, mixing time of 15 min). The inset in the top right hand corner shows the change of
coordination after 1h.

Secondly, we investigated the effect of the reaction time (after mixing of iron chloride and sodium
stearate solutions) on the formation of polynuclear complexes when the iron Il chloride solution was
at pH 1. We tested a reaction time of 60 min when it was of 15 min usually. We noticed no difference
between the MALDI-TOF spectra, confirming again that, at our synthesis pH above 1, the polycations
Fe; were formed in the chloride solution, and not during the complexation of sodium stearate.
However, we did observe a change in the IR spectra of complexes when the reaction time was 1h
instead of 15 minutes. Indeed, the carboxylate coordination became bidentate chelate instead of
bridging after 15 minutes. Moreover, this reaction time effect on the carboxylate coordination was
also observed in the standard conditions (without setting the iron chloride solution pH at 1). These
results suggest that the “stable” carboxylate coordination would be the chelating bidentate one but
also that the carboxylate coordination does not depend on the type of polynuclear iron complexes.
The formation of the bridging coordination with FeSt; may be explained by the following observations:
i) water molecules are involved in the bridging coordination (above experiments with D,0) ii) we are
working at pH 2.9, below the pKa of sodium stearate (pKa = 4.8) during FeSts synthesis, while the pH is
at 5.8 for FeSt, (Figure S12). There would be a competition between the coordination of stearate on

iron and the acidification of stearate to form stearic acid, which could form hydrogen bonds with water
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coordinated to iron. That may explain the presence of water in the bridging coordination seen with
FeSts, even if it is not the more stable coordination.

Therefore, we can conclude that without preformed polycations during the iron chloride solution
formation, the main species are Fes(us-O(H)) based species with a bidentate chelate coordination,
while the presence of preformed polycations leads to the formation of Fe; based clusters. The presence

also of Fes0 based complex in FeSt; may be explained by an uncompleted condensation.
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