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ABSTRACT: Thermal decomposition is a practical and reliable tool to synthesize nanoparticles with monodisperse size
distribution and reproducible accuracy. The nature of the precursor molecules and their interaction with the environment during
the synthesis process have a direct impact on the resulting nanoparticles. Our study focuses on widely used transition-metal (Co,
Fe) stearates precursors and their thermal decomposition reaction pathway. We show how the nature of the metal and the
presence or absence of water molecules, directly related to the humidity conditions during the synthesis process, affect the
decomposition mechanism and the resulting transition-metal oxide building blocks. This, in turn, has a direct effect on the
physical and chemical properties of the produced nanoparticles and deeply influences their composition and morphology.

■ INTRODUCTION

Functionalized metal and metal oxide nanoparticles (NPs)
represent forefront research worldwide because of their broad
range of applications from magnetic and electronic devices to
biomedical applications. Specifically, and yet not exhaustively,
applications are targeting data storage units and magnetic fluids
for micro- and nanoelectromechanical system (MEMS/NEMS)
devices, image contrasting agents for magnetic resonance
imaging, and drug delivery modules.1−7 Nonetheless, the
production of NPs with desired size, morphology, and
functionalities starts from a careful choice of the precursors
and the processes adopted to extract the building blocks for
their synthesis.8−10 Among the most popular precursors,
stearates play a major role.11 The fatty acid compounds consist
generally of a metallic center surrounded by organic ligands.
Interactions with the ligands and the presence of detectable
impurities contaminating the precursors play non-negligible
roles in affecting the size distribution and morphology of
NPs.12 Water, often, acts as a functional impurity that can affect
the precursor conversion rates or hydrolyze the NPs surface.
Other sources causing water contamination during NPs growth
are also possible, such as the ketonization of unreacted acids
under growth conditions. Even small amounts of water
impurities (0.02−0.1 mol/mol water:precursor) have been

shown to impact negatively the NPs growth by limiting its size
tunability.13 Indeed, the precursor chemistry and the rate of
precursor conversion are important factors controlling NPs
formation and growth, with possible unexpected influences on
the NPs size and size distribution.14,15 This makes the control
of the NPs precursors a delicate issue, especially for small NPs
below 20 nm, which are the major target for the applications
mentioned above.16−18 This, in turn, calls for special attention
to the role of the ligand−NPs interactions starting from the
NPs seed formation to the nucleation-to-growth process and to
the postfunctionalization stages. All these subsequent steps are
responsible for the final properties of the nano-object.
Current stearates-based synthesis methods used to produce

NPs represent to date a rather controlled and versatile way to
obtain NPs with the desired size distributions, tunable sizes,
and, to a certain extent, specific magnetic and electronic
properties, yet the initial formation of the elementary building
blocks for NPs is still escaping fine control since they crucially
depend on the experimental conditions and the environment in
which the precursors are decomposed. The spontaneous
thermal decomposition19 is one of the most effective methods
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to fine control the size distribution and morphology of nearly
monodisperse metal oxide NPs with significantly high yield.
Such a versatile aspect is the result of the fast reaction that
thermal decomposition triggers in stearates.20,21 The enhanced
temperature triggers the release of the long hydrocarbon chains
containing a carboxyl group present in the stearate precursor
and surrounding the metal center. Such a decomposition
generally occurs in a nonaqueous solvent and allows for control
of the size and morphology of the resulting NPs, as well as their
in situ functionalization, thereby limiting their aggregation in
suspension.
Metallic complexes carrying as ligands fatty acid salts such as

acetates, myristates, oleates, and stearates21 used as NPs
precursors share as a common feature the characteristic
coordination of two or more organic ligands in a bidentate
arrangement around a transition metal (TM).22 NPs are
formed through the thermal decomposition of these complexes,
consisting of the release of the organic ligands, and subsequent
aggregation of the unscreened metal atoms. However, to date,
little attention has been given to these molecular precursors,
and most of the synthesis procedures rely more on empirical
trial and error attempts rather than on a systematic atomic-level
insight into the nature of these stearates and the microscopic
mechanisms regulating their decomposition. An open question
is the evolution of the metal coordination during the process
and, specifically, whether or not the bidentate configuration is
kept or if a monodentate one can be realized. Moreover,
interactions of impurities with these precursors are a major
source of problems in terms of stability and nature of the
elementary building block produced which, in turn, will
contribute to the formation of the NP.23 Specifically, the
sizes of the NPs tend to diminish if water molecules are present
during the synthesis reaction.17,24 Both Fe and Co stearate
complexes are in a 4-fold and planar coordination in the
pristine molecular geometry,25,26 with the oxygens of the
carboxylate moiety (RCOO−) forming a plane. If water
molecules are present, then they could approach the metal

site and coordinate around it, presumably along the directions
roughly orthogonal to the RCOO− plane to complete the
typical hydration shell of cations.27−29 Depending on the
number of H2O molecules, a 5- (approach of one water
molecule) or 6-fold coordination (approach of two H2O
molecules from the two opposite sides) can be realized. These
additional water molecules have a direct effect on both the
thermal decomposition mechanism and the related activation
energies. As a consequence, unpredictable effects arise in the
synthesis of NPs, from an experimentally observed slowing
down of the nucleation and growth to a complete hindering of
the NPs formation.24

The complexity of the thermal decomposition process, the
practical difficulty in isolating the early stage NPs seeds, and the
general lack of experimental information about the nature of
NPs building blocks motivate the use of first-principles
simulations. The method is ideally suited to shed light on the
short-lived precursors and complexes in the early stage and
growth of NPs.30,31 The scope of our work is to provide
answers to both the issue of the bidentate or monodentate
coordination and to shed some light into the reaction pathway
realized by stearates under dry and hydrated conditions. To this
aim, we focus on single metal-stearate molecules in dry and
microsolvation conditions to address a precise quest prompted
by elusive experimental findings to be rationalized.17,24,32 In
fact, the major difficulty is to disentangle and probe the effects
of water on the release of the metal center. Moreover, equally
unclear is whether and how water contributes to the formation
of the nanoparticle seed. In the lack of any former simulation
on these systems, unraveling these details calls for special
attention to the local chemical nature of the metal and the O
atoms directly coordinated to it. The surrounding solvent does
not approach the hydrophobic hydrocarbon chains and is not
directly involved in the formation of the metal oxide primitive
building block. In our study, we make use of first-principles
molecular dynamics approaches, enhanced by free energy
sampling techniques for the simulation of the decomposition

Figure 1. Initial stable configurations of the TM-stearate compounds, TM = Fe, Co. (a) In dry conditions, (b) with one H2O molecule, i.e.
octahedral TM-O coordination with one vacant site, and (c) with two H2O molecules, i.e. octahedral TM-O coordination. The color code is black
for H, gray for C, red for O, and orange for the TM.
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processes. This study provides also an insight into the effect of
the different nature of the metal center, iron and cobalt, on the
decomposition processes responsible for the formation of the
elementary building block (Metal? Metal oxide? Or?)
concurring to form the NP.

■ METHODS

In our simulations, both iron and cobalt stearate molecules have
been considered. The ligands adopted in our simulations
(CH3−(CH2)8−COO) refer to laboratory stearates and are
considerably shorter than the analogous commercial products
(e.g., CH3−(CH2)16−COO for the smallest compound, CAS
number 5136-76-5). These have then a reduced flexibility and
allow for avoiding complex folding processes that could screen
the metal center. Besides dry conditions, we inspected also the
possible degrees of hydration as sketched in Figure 1.
We make use of first-principles molecular dynamics (FPMD)

simulations33 within the density functional theory (DFT)34

framework as implemented in the CPMD35 code. The Becke
exchange and the Lee−Yang−Parr correlation functional
(BLYP) have been used to describe the exchange and
correlation contributions.36,37 Core−valence interactions have
been described by norm-conserving Troullier-Martins pseudo-
potentials (PPs)38 for O, C, and H, while for transition metals
(Fe, Co) we resorted to Goedecker-Teter-Hutter39−41 semicore
PPs. Valence electron orbitals have been represented in a plane
wave (PW) basis set with a cutoff energy of 80 Ry. To eliminate
the problem of periodically repeated images, typical of standard
PW approaches, an isolated cell42 with an edge of 33.87 Å was
used. Since experiment makes use of relatively diluted
stearates,32 the release of periodic boundary conditions ensures
that interactions with a neighbor ligand is absent all along the
simulations. A spin-unrestricted approach is adopted in all the
simulations, and van der Waals interactions were included
according to Grimme’s D2 formula.43 Free energy profiles for
the various desorption processes have been sampled according
to the Blue Moon ensemble (BME) approach.44,45 To this aim,
different reaction coordinates were considered, as specified in
the following section for each case. Generally, these reaction
coordinates account for the distance TM−COO between the
metal center and the carboxylate group of the coordinated
ligand. They are increased gradually by increments of about
0.10 Å to follow the dissociation process. The minimum
equilibration time for each TM−COO constrained value was
∼3 ps to ensure that both the average constraint force and the
total energy of the system converge to an ergodic limit as the
simulation evolves in time. As a check of the performance of
our functional choice, we did one additional simulation for the
case of the hydrated Co stearate with the hybrid PBE0
functional.46 These results are given in the Supporting
Information and basically confirm the analysis of the group of
Grimme47 and, specifically for Fe and Co, our own benchmark
on metal−organic systems.48 Namely, our computational setup
allows for one of the best compromises between accuracy and
computational efficiency. We are reminded that although
statistical errors in the free energy sampling can be reduced
by increasing the statistics, accuracies are bound by the
underlying DFT level used, hence an error bar of 1−2 kcal/
mol49 affects all values reported in the ongoing discussion. A
fictitious electronic mass of 340.0 au and an integration step of
4.0 au (9.675 × 10−5 ps) ensured good numerical control of the
constants of motion.

■ RESULTS AND DISCUSSION
TM-Stearates in Dry Conditions. Starting from the Fe-

based stearate system in dry conditions, we first optimized the
molecular structure via a damped molecular dynamics run.50

Subsequently, we equilibrated the geometry at room temper-
ature (300 K) in a canonical NVT ensemble,51−54 obtaining the
stable configuration shown in panel (a) of Figure 1. The
equilibrium Fe−O coordination distance turns out to be 2.00 Å,
a value rather standard in the coordination chemistry of iron−
oxygen compounds.22,55 On the other hand, the high flexibility
of the hydrocarbon chain displays some structural fluctuations
and nonplanar ligand geometries at finite temperature. This is
not unexpected and does not alter the coordination of the
metal center. Since an activation barrier larger than kBT (T =
temperature, kB = Boltzmann’s constant) exists to remove the
ligand from the metal center, the decomposition could not be
observed on the ps time scale of standard FPMD simulations.
Thus, we resorted to BME simulations to work out free energy
barriers and to sample the reaction pathway leading to the
expected dissociation. In our first simulation, the chosen
reaction coordinate was the distance between the Fe atom and
the −COO moiety of the ligand (measured as the Fe−C
distance) whose equilibrium value is dFe−COO = 2.31 Å.
Subsequent increasing of this distance, by increments of 0.1
Å, leads eventually to the detachment of the coordinated ligand
from the metal center. The free and total energy profiles for this
dissociation are shown in Figure 2, and the main steps of the

process along the depicted reaction pathway are sketched in
Figure 3, where panels (A), (B), (C), and (D) correspond to
values of the reaction coordinate of 2.31, 3.07, 3.52, and 4.52 Å,
respectively. We recall that the free energy profile is given by
the BME thermodynamic integration, whereas the total energy
is directly computed as the sum of the Kohn−Sham DFT
energy plus the ionic kinetic energy, i.e. Etot = EDFT + (1/
2)∑IMIṘI

2 with MI and ṘI being the mass and the velocity of
the ion I, respectively. The monotonic increase in both the total
(black curve) and free energy (red curve) shown in Figure 2
continues until dFe−COO reaches 2.75 Å. Here, the bidentate
coordination of the ligand to the metal center becomes
monodentate as shown in panel (B) of Figure 3, and the square
planar coordination of Fe begins to be compromised.
Being less coordinated to Fe, the detaching chain becomes

even more flexible. This entropic contribution is visible in the
total energy profile which is generally larger than the free
energy curve (ΔEtot = ΔF + TΔS). We remark that despite the
intrinsic flexibility of the ligands, these are not long enough to
give rise to folding processes able to screen completely the

Figure 2. Free (red) and total (black) energy profiles for the
desorption of one of the two ligands coordinated to the metallic Fe
center in Fe-based stearates in dry conditions. The arrow in the inset
shows the selected reaction coordinate metal-COO.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.7b00869
J. Chem. Theory Comput. 2018, 14, 225−235

227

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00869/suppl_file/ct7b00869_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00869/suppl_file/ct7b00869_si_001.pdf
http://dx.doi.org/10.1021/acs.jctc.7b00869


metal center. In fact, the entropy contribution is rather limited
as the difference between the total and free energy profiles
shows. Additional details are provided in Table S1 of the
Supporting Information. After overcoming a transition state
characterized by the first maximum ΔF = 15.02 kcal/mol (0.65
eV) at a value of 2.75 Å of the reaction coordinate, the
bidentate configuration becomes monodentate. One of the two
O atoms of the ligand is still shared with the metal center until
a distance dFe−COO = 3.52 Å is reached. This corresponds to the
situation sketched in panel (C) of Figure 3. From this point on,
the ligand is no longer bound to the Fe center, and one of the
two O atoms of the −COO group departs from the ligand and
forms a stable bond with the metal center: This is the first Fe−
O seed in the NP growth mechanism. By continuing the
simulation, we observed that occasionally a hydrogen transfer
from the ligand to the metal center can occur,56−58 as shown in
panel (D) of the same figure. This is however not a stable
condition, and the H atom on the Fe center is spontaneously
transferred back to the chain. These results are consistent with
the experimental finding of regular iron oxide NPs synthesized
from these stearates.18 Because of our choice of reaction
coordinate, the long plateau of the free energy (Figure 2)
starting from dFe−COO ∼ 4.00 Å indicates that the interaction of
the iron with the hydrocarbon chain is terminated. An auxiliary
BME simulation performed by using as a reaction coordinate
the center of mass of the two oxygen atoms in the −COO
group, instead of the central C atoms, has given an analogous
result in terms of both free energy profile and dissociation
mechanism.
Co-based stearates have been studied following the same

protocol and simulation conditions used for the Fe-based ones.
Also in this case, in an attempt at checking whether or not the

choice of the reaction coordinate can influence the reaction
pathway, two independent BME simulations with two different
reaction coordinates were done. As in the Fe-based systems, we
used either the Co−COO distance (d1 in the upper panel of
Figure 4) or the distance between the metal center and the
center of mass of the two oxygen atoms belonging to the
−COO group (d2 in the lower panel of Figure 4).
Although the overall mechanism depicted by both BME

simulations is identical in terms of dissociation and final
product, the free energy profiles are slightly different. Clearly, in
the initial stage the equilibrium distances read d1 = 2.31 and d2
= 1.82 Å, respectively. As the simulation proceeds, the free
energy barrier separating the bidentate from the monodentate
configuration become 20.85 kcal/mol (0.90 eV) when d1 = 2.75
Å in the first case, whereas it reduces to 12.22 kcal/mol (0.53
eV) when d2 = 2.17 Å. For comparison, the realization of a
monodentate structure in the case of the Fe-based stearate
occurred for an identical value of the reaction coordinate d1 but
with a lower (15.02 kcal/mol) free energy barrier. This is a
clear indication of the fact that the dissociation of iron stearates
is energetically less demanding than the dissociation of
analogous Co-based compounds in identical thermodynamic
conditions in the absence of impurities. Also in this case, the
rate limiting step is the release of an O atom from the first-
coordination shell of Co to form the initial metal oxide
elementary building block of the NP formation. Unfortunately,
this is hard to realize in the case of Co-based stearates. In fact,
after an initial trend not too different from the one of the Fe-
based system, BME simulations show a monotonic increase in
the free energy profile with a final product being a hydrated Co
atom as shown in Figure 5.

Figure 3. Structural evolution of the iron stearate in dry conditions during the constrained dynamics. The ligand on the left in panel (A) is the one
that is gradually displaced away from the metallic Fe center. A first process occurring is the transition from a bidentate to a monodentate (B)
coordination. Eventually, an oxidized iron is produced (C), and the first FeO seed is formed. Occasionally a temporary hydrogen transfer can occur
(D). Labeling follows the one given in Figure 2. The color code for atoms is identical to Figure 1.
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This fundamental finding can be inferred to be one of the
main reasons at the origin of the observed discrepancy in the
formation of iron and cobalt NPs via thermal decomposition.
Despite identical experimental conditions, the synthesis of Co
oxide nanoparticles poses severe limitations, resulting in a
rather uncontrolled spherical morphology different from what
can be achieved with Fe3O4 NPs.

24 The experimental evidence
to the fact that the cobalt stearate decomposition requires

higher temperature24 in comparison with its iron counterpart is
legitimized by the higher energy barrier found by our
simulations.

TM-Stearates in Partial Hydration Conditions. Within
an identical simulation protocol, one water molecule
approached the metal center of the stearate. This additional
H2O molecule is initially coordinated to the metal and, with the
O atom pointing to the metallic cations, belongs to the
coordination shell of either Fe or Co. The initial configuration
is what is shown in Figure 1(b), yet upon dynamics, either
unconstrained or within a BME simulation framework, the H2O
molecule in the (defective) octahedral hydration shell site
around Fe oscillates, initially keeping an average distance of 3.7
Å from the metal center but then escaping from the Fe
coordination shell, as shown in panel (a) of Figure 6. The
escape of the water molecule leaves the stearate in a condition
identical to the dry case, and, for this reason, the free energy
profile does not differ from what has been found for a dry Fe-
stearate for the departure of one of the two ligands. Indeed, the
BME simulation proceeds along the same reaction mechanism
depicted in the former paragraph. The only point worthy of
note is the fact that the water molecule switches its position,
instantaneously and temporarily, within the coordination shell
of iron from a vertex of an octahedron to a planar structure like
the one shown in Figure 6(b).
In these conditions, the H2O molecule is inserted between

the −COO moiety of the ligand and the metal center. As a
consequence, the stearate ligand which was initially in a
bidentate chelate configuration switches to a bridging-like
configuration with one oxygen atom of the −COO group
pointing to one of the protons of the H2O and the other
oxygen atom pointing to the metal center. Actually, the proton
of the water molecule pointing at one of the O sites of the
−COO group becomes a shared proton as in a Zundel-like
complex.59−61 This specific H+ jumps continuously from the
H2O molecule to the O atom of the ligand, as expected in
Zundel complexes. When this occurs during a BME simulation,
we observed that the first free energy barrier for the
dissociation, corresponding to the maximum located at 2.75
Å in Figure 2, increases by ∼ %25 compared to its dry analogue.
This is consistent with the fact that the Fe stearate with the
inserted water molecule is lower in terms of total energy by
about 6 kcal/mol with respect to the defective octahedral
arrangement. This structural change in the number of O atoms
coordinated to the Fe center is reflected in a change of
oxidation state of iron. In fact, calculation of the Bader charge62

done on the two different arrangements has shown a net charge
on Fe of +2.6 for the defective octahedron, hence closer to
Fe(III), while for the planar geometry with the water molecule
bridging the metal center and the ligand we got +1.7, hence
closer to Fe(II). However, as a consequence of the water
molecule desorption, such a partially hydrated system evolves
as in dry conditions, and a FeO seed is formed with a
mechanism identical to the one discussed in the former
paragraph. Although the overall barrier of the rate limiting step
remains unchanged, as well as the reaction mechanism, this
indicates that the desorption of this water molecule, which
eventually occurs, requires an additional amount of energy.
Ongoing experiments17,24 make use of Fe- and Co-based
stearates thermally decomposed in a high boiling point organic
solvent, yet results in terms of size, shape, and properties of the
NPs depend in an unclear way on the humidity conditions and
are affected by unsolved difficulties in drying stearates,

Figure 4. Free energy profiles obtained with the two different reaction
coordinates. The initial equilibrium distances differ because of their
definitions: In the upper panel the distance of the metal atom from the
carbon atom of the carboxylate group is used (d1 = 2.31 Å), whereas
the separation between the Co atom and the center of mass of the
oxygen atoms of the carboxylate group (d2 = 1.82 Å) is used in the
lower panel.

Figure 5. Main stages of the dissociation mechanism of Co-based
stearates. The labeling beside each panel refers to the points with
identical notations along the free energy profiles of Figure 4.
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especially Fe-based stearates, previously exposed to aqueous
environments. Our simulations address explicitly this point. We
do not make any claim about the experimental percentage of
water impurities; yet being that the ligand is fully hydrophobic,
H2O molecules can be accommodated only in the vicinity of
the metal center, and because of the double −COO
coordination, only one or two water molecules can fill the
coordination shell of the metal. This is the focus of the ongoing
discussion and a standard approach in the study of the role of
specific water molecules in transition-metal compounds
carrying ligands.63 Moreover, equally unclear is whether and
how water contributes to the formation of the NP seed. Our
results confirm the hypothesis that whenever water molecules
are not immediately released, they become part of the complex.
As such, it becomes energetically more demanding to remove
H2O from a hydrated stearate having assumed a bridging
conformation.
The simulation of the cobalt-based system in the presence of

one water molecule, initially accommodated in the hydration
shell of the metal center, was performed with the identical
protocol used for the Fe-based system. However, both
unconstrained and BME simulations have shown that the
H2O molecule leaves the coordination shell of the Co atom.
The system then reverts quickly to dry conditions, and both
dissociation mechanism and free energy barrier do not differ
from what has been discussed in the former paragraph. To
verify this behavior, simulations have been repeated by
imposing an additional constraint on the water−cobalt distance
during the NVT equilibration in order to stabilize the water
molecule. Nonetheless, as soon as this second constraint is
released, nothing prevents the escape of the H2O molecule
away from the metal center. We can then infer that hydrating
the Co-based stearate is more difficult than in the case of their
Fe-based analogous compounds. As a general comment, we
remark that in transition metals, the kinetics of the water
exchange mechanism strongly depends on the number of

occupied d-electrons and therefore the ionic radius.64 The
presence of one additional diffuse d-orbital in the electronic
configuration of Co ([Ar] 3d74s2), as opposed to the case of Fe
([Ar] 3d64s2), seems to be sufficient to trigger such a different
behavior. As a result, an immediate release of the water
molecule occurs instead of its insertion between the metal
center and the ligand. Furthermore, since the interaction of the
water and the metal center is a short lasting event, the free
energy barrier and the transition state are not affected by its
presence.
The general scenario that can be inferred is that the presence

of one water molecule causes an increase in the energy barrier
for the Fe-based system by as much as 25%, whereas it does not
affect the Co-based system because of the short-living water−
stearate complex which leaves the system always in dry
conditions for the dissociation process. The resulting nano-
particle seed, in any case, remains unaffected apart from
differences in the free energy profiles in the case of Fe-based
stearates. On the basis of these results, it can be concluded that
Fe and Co present some difficulties in accommodating a single
water molecule in what would result as an incomplete
octahedral geometry around the metal center. This is due to
the preferred coordination geometry (and number) of O atoms
around either Fe or Co in a +2 oxidation state, namely either
tetrahedral (4-fold) or octahedral (6-fold).27,28,65

TM-Stearates in Full Hydration Conditions. The
maximum degree of hydration of Fe- and Co-based stearates
is the one shown in Figure 1(c). In these conditions, water
molecules are located orthogonal to the plane made by the four
O atoms of the stearate ligand, thus completing the 6-fold
hydration shell of the metal cations. On experimental
grounds,18,24 it was suggested that the ligand desorption
process would follow a different pathway as a consequence of
the presence of water in proximity of the metal center, probably
as a result of hydrogen bonds formed between the H2O
molecules and the carboxylate groups of the ligand. This was

Figure 6. Escape of a single water molecule from the hydration shell of the metal center (a) and insertion of the water molecule between the Fe
center and the −COO group of the ligand (b). The color code is identical to that of Figure 1.

Figure 7. HOMO (a) and LUMO (b) orbitals of the Fe-based stearate in the presence of two water molecules at the initial equilibrium distance
dFe−COO = 2.43 Å. Isosurfaces are shown at values of ±0.025 (e/Å3)1/2 in orange (positive values) and green (negative values). The color code is
identical to that of Figure 1 apart from C atoms here in cyan color for clarity.
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actually inferred a posteriori by inspecting the morphology and
structure of the Co- and Fe-based NPs obtained in different
humidity conditions. Here we focus on this issue to
complement experiments and to provide insight into the
microscopic origin of the different dissociation process
hypothesized.
Upon equilibration, the electronic structure around the metal

center of the hydrated Fe-based stearate in terms of higher
occupied (HOMO) and lowest occupied (LUMO) orbitals is
the one reported in Figure 7.
The energy difference between the HOMO and the LUMO

states is 1.23 eV, a value that did not undergo any change
during the dissociation process; yet the shape of these orbitals
is already instructive. The HOMO states of the system is a dxy
orbital from the metal center with additional lobes coming
mainly from the p states of the oxygen atoms belonging to the
−COO− group plus contributions from the water molecules.
More precisely, one can recognize in the HOMO the lone pairs
of the O atoms of the H2O molecules plus a small amount of
the diffuse LUMO (panel (b) in the figure). This state is indeed
ready to partially accept electrons, and we can already anticipate
that this will have consequences on the reaction mechanism.
Before proceeding, however, we wish to remark that solvent
exchange processes, which are likely to be related to the present
case, can be divided into three stoichiometric mechanisms in
which a change in the coordination number of the metal center
is the order parameter. The increase, decrease, and kinetically
undetectable behavior in the coordination number is termed to
be associative, dissociative, and interchange modes, respec-
tively.66 The dissociative mechanism proceeds with a low
probability due to the long time scale of the mean lifetime of
the associated moieties, e.g. water molecules, around the metal
center. In the process, the kinetics of octahedral water
coordination around the metal center triggers the interchange
mechanism. Furthermore, the interchange mode can still be
classified into two groups: associative (Ia) and dissociative (Id)
modes, according to whether or not the ligands entering or
leaving the coordination shell trigger an exchange process
between the first and the second coordination shell of the metal
center.67

The simulation protocol used here is identical to the ones
previously discussed and will not be repeated. By constraining
one of the two ligands to depart from the metal center, BME
simulations give the free energy profile shown in Figure 8.
A first noticeable feature is the fact that this reaction occurs

with a significantly low free energy barrier (ΔF = 5.65 kcal/mol
(0.25 eV)) with respect to all former simulations. By inspecting

the trajectory, it is clear that the presence of water molecules is
responsible for this. In fact, while the BME simulation
proceeds, the completeness of the hydration shell of the
metal center, initially in a Fe(III) configuration, gradually
evolves to a planar configuration shown in the inset (a) of
Figure 8. When this occurs, the water molecules turn out to be
fully inserted between the two ligands of the stearate, forming
strong hydrogen bonds with one of the two O atoms of the
−COO− groups. The Fe cation, in these conditions, is
coordinated to just one of the two oxygens of each −COO−

moieties, whereas a second O coordination is provided by the
H2O molecule linking the metal center to the ligand. More
precisely, at a Fe-COO constrained distance of 2.65 Å, the
square planar symmetry made by the oxygens of the carboxylate
moieties reverts to a rhombus by shifting to the two opposite
sides. The octahedral symmetry established by the water
molecules at the beginning of the simulation is then disrupted,
and the iron atom acquires a 4-fold coordination as specified
above. This mechanism is what is termed interchange mode.66

At the transition state, the strong hydrogen bonds between
the ligand and the H2O molecule give rise to a Zundel-like
complex, in which a proton jumps continuously from the water
molecule to the −COO− group.59−61 In this respect, water
takes the role of a catalyst, facilitating the departure of the
ligand of the stearate via the dissociation of H2O into a proton
H+ and a hydroxyl anion OH−. The proton binds to the
−COO− group, which becomes a −COOH, and eventually
departs along with the ligand. Instead, the OH− binds to the
metal center forming a FeOH NP seed similar to the one found
in former simulations, yet at variance with all previous cases,
here the oxidation of the metal center is ensured by the
(dissociated) water molecule and not by the O atoms belonging
to the ligand. The depicted mechanism shows rather clearly
that the retract of the hydrocarbon chain from the Fe center
provokes a dissociative interchange mechanism Id, in agreement
with the results reported in Table 1 of ref 64. The sharp peak in
the free energy profile coincides with the formation of these
Zundel-like structures giving origin to the new chemical bonds.
These, in turn, induce evident modifications of the electronic
structure around the metal center. A comparison of the HOMO
and LUMO states of the two main stages of the process, i.e.
before and after the breakdown of the octahedral symmetry and
the rearrangement of the water molecules, is given in Figure 9.
Before the configurational change, the HOMO displays a
mixing character due to the dz

2 orbital of the Fe center and 1b1
states typical of H2O molecules, plus minor contributions from
the ligand. While the HOMO retains its dz

2 symmetry after the
planar insertion of the H2O molecule between the metal and
the ligand, the LUMO transforms into a dxy orbital plus
additional contributions on the O atoms of the coordinated
water molecules. These states are characterized by correspond-
ing eigenvalues located, on the energy scale of our DFT
framework, at −3.75 eV (HOMO) and −2.51 eV (LUMO).
Hence, the system has a gap of 1.23 eV, identical to the one of
the octahedral configuration. Nonetheless, the planar config-
uration becomes more stable as the BME simulation proceeds
beyond the ΔF = 5.65 kcal/mol barrier, and the HOMO and
LUMO eigenvalues initially located at −2.44 and −1.21 eV,
respectively, shift to the lower values reported above. This is
accompanied by a qualitative change in the nature of the
LUMO states from the typical LUMO of H2O to the dxy orbital
of Fe.

Figure 8. Free energy profile for the desorption of the chain in a Fe-
based stearate in the presence of two water molecules. Inset (a) shows
the transition state configuration with H2O molecules sharing a proton
with the −COO− moieties of the ligands. Inset (b) shows the final
Fe−OH product.
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In the case of the Co-based system, analogous BME
simulations were started from an equilibrated system in
which the Co atom is in an octahedral configuration similar
to the one of Fe and sketched in Figure 1(c). The free energy
profile obtained in this case is reported in Figure 10. A first

noticeable feature is the presence of a free energy barrier of ΔF
= 13.90 kcal/mol ((0.60 eV) roughly twice larger than the case
of the Fe-based stearate, occurring for a value of the Co-COO
reaction coordinate of 2.91 Å. Also in this case, as opposed to
the dry conditions, both the free (red curve in Figure 10) and
the total (black curve in Figure 10) energy profiles show a
decrease to zero after the transition state at dCo−COO = 2.91 Å.
The dissociation energy is then significantly decreased, and also
in this case, the reason is the catalytic action of the water
molecules in proximity of the metal center. Furthermore, the
energy profile shows the exothermic nature of this particular
reaction with an energy gain of 7.93 kcal/mol (0.34 eV) of the
product with respect to the reactant, whereas its Fe-based

analogue shows a minimal energy gain amounting to only 0.72
kcal/mol (0.03 eV).
The reaction mechanism is similar to the one found for the

Fe-based hydrated system, and its main stages are shown in
Figure 11. The ligand desorption application proceeds in a way
similar to the Fe-based system, with the H2O molecule leaving
the octahedral configuration and inserting between the fatty
acid chain and the metal center. Also in this case, the
dissociation of a water molecule during the BME simulation
leads to the protonation of the carboxylate group of the ligand
after the formation of a Zundel-like complex. The detached
proton eventually forms a stable bond with one of the O atoms
of the fatty acid chain changing the terminal group from
−COO− to −COOH. As in the Fe case, the hydroxyl anion
OH− binds to the Co center causing the hydroxylation and the
formation of a CoOH NP seed. In a way analogous to the Fe-
based stearate, the oxidation of the Co center is triggered by
water which acts as a catalyst and contributes with its
dissociation to a smoother departure of the ligand, yet the
presence of two water molecules in the hydration shell of the
Co atom inhibits the formation of pure CoO seeds with later
consequences on their aggregation to form a NP.
Following the experimental suggestions,17,18,24 and in view of

the larger displacements of the ligands observed in the case of
the Co-based stearates in comparison with the Fe-based
counterparts, we repeated this same simulation by changing
the pre-equilibration procedure and time. An initial geometry
relaxation within a preconditioned conjugate gradient (PCG)
procedure was done to optimize the system with the two H2O
molecules in the octahedral position of Figure 1(c) to get rid of
any residual forces. This optimization step is the major
difference in the preparation of the system with respect to a
damped dynamics approach done, as opposed to the smooth
damped dynamics used to relax the system in the former

Figure 9. LUMO (top row) and HOMO (bottom row) orbitals of the Fe-based stearate in the presence of two water molecules in the octahedral
Fe(III) configuration (panels a and c) and in the planar Fe(II) arrangement (panels b and d). Isosurfaces are shown at values of ±0.025 (e/Å3)1/2 in
orange (positive values) and green (negative values). The color code is identical to that of Figure 1 with carbon atoms in cyan.

Figure 10. Free (red) and total (black) energy profiles for the
desorption of the ligand in a fully hydrated Co-based stearate as a
function of the reaction coordinate dCo−COO.
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simulation. Then, dynamical simulations in the canonical NVT
ensemble were performed at room temperature, thus heating
instantaneously the system from 0 to 300 K. This different
treatment results in entirely different behavior and an
alternative (complicated) reaction pathway. This suggests that
the effects of the thermodynamical environment, and not only
the level of hydration, are non-negligible on the dissociation
process of Co-based stearates. Figure 12 summarizes the main
steps of this dissociation mechanism.

The major difference with respect to the previous result is the
fragmentation of the fatty acid chain during the reaction that
largely destabilizes the system. This process can occur with a
negligible reaction barrier, as BME simulations have confirmed,
and the overall reaction is exergonic, with a net energy gain of
more than 20 kcal/mol. Statistical fluctuations and conforma-
tional changes of the hydrocarbon chain are sufficient to disrupt
the system and even to push away the added water molecules
from the coordination shell of the Co center. The formation of
CoO seed is not entirely jeopardized, as shown in Figure 12,

but the ligand is irreversibly fragmented and can induce
protonation of the CoO seed in an uncontrolled way, as well as
the formation of CO2 molecules as byproducts. These
hydrogen-carrying CoO seeds become, in turn, difficult to
assemble in a metal oxide NP. This competing reaction channel
can be interpreted as one of the main reasons for the
experimental problems in the synthesis of Co-based NPs, along
with related problems in size, shape, and morphology control,
despite environmental and thermodynamical identical con-
ditions used for the synthesis of Fe-based NPs.17,18,24

■ CONCLUSION
Our extensive computational studies have targeted the
evaluation of the effect of the presence of water traces in the
precursors stearate compounds used for the synthesis of metal
oxide NPs. Our atomic-level insight has shown that the
decomposition of Fe- and Co-stearates leads to the formation
of metal oxide building blocks for NPs assembly. Such a
reaction proceeds with a significantly lower activation barrier in
the case of the presence of H2O molecules in the hydration
shell of the metal center, in comparison with dry conditions or
partial hydration. Both the coordination geometry around the
metal center and the chemical nature of the metal (Fe or Co)
play crucial roles in the mechanism and in the energetics of the
dissociation reaction. In both dry and 1-H2O conditions, Fe−O
seeds, precursors of the NP, can be generated for iron-based
stearates, the major differences being the associated activation
barrier and the catalytic role of water if present. Conversely, in
the case of cobalt, even if water still plays a catalytic role, the
free energy barrier for the dissociation is still more than twice
larger than for Fe-stearates in analogous conditions. Fur-
thermore, fragmentation of the fatty acid chains can lead to the
formation of Co−OH moieties which can accept protons (or H
atoms) from the disrupted ligand. These Co-based seeds, in
turn, make the aggregation of the resulting NPs more difficult
since they are much less controllable and affect shape,
morphology, and the resulting properties of the synthesized
NP. The assembly of Co(II)-hydroxides is in fact more
problematic than the aggregation of the (nonprotonated)
Fe(II,III)-oxides. We suggest that hydration has to be avoided
and precursors carefully dried if Co-stearates have to be used
for the NP synthesis. On the other hand, Fe-based stearates are

Figure 11. Main steps of the reaction pathway for a fully hydrated Co-based stearate. A protonation of the carboxylate group of the fatty acid chain
occurs along with the formation of a Co−OH moiety.

Figure 12. Second reaction mechanism found for the Co-based
stearate in the presence of two water molecules. The desorption
process terminates with the formation of a fragmented polycarbon
chain, a CO2 molecule, and a protonated cobalt oxide moiety.
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less sensitive to the hydration conditions (humidity level of the
experimental apparatus), and their hydration can even favor the
formation of metal oxide building blocks. This is due to the
catalytic action of water which, far from being an inert
ingredient, plays an active role and does not jeopardize the
synthesis process.
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