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I[ron oxide magnetic nanoparticles (NPs) are excellent systems in catalysis and in nanomedicine, where
they are mostly immersed in agueous media. Even though the NP solvation by water is expected to play
an active role, the detailed structural insight at the nanostructure oxide/water interface is still missing.
Here, based on our previous efforts to obtain accurate models of dehydrated FesO4 NPs and of their
magnetic properties and through multiscale molecular dynamics simulations combining the density func-
tional tight binding method and force field, we unravel the atomistic details of the short range (chemical)
and long range (physical) interfacial effects when magnetite nanoparticles are immersed in water. The
influence of the first hydration shell on the structural, electronic and magnetic properties of FesO4 NPs is

Received 15th February 2021,
Accepted 19th April 2021

DOI: 10.1039/d1nr01014;j

revealed by high-level hybrid density functional calculations. Hydrated FesO4 NPs possess larger magnetic
moment than dehydrated ones. This work bridges the large gap between experimental studies on sol-
vated FezO4 NPs and theoretical investigations on flat FesO4 surfaces covered with water and paves the
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1. Introduction

Magnetite (Fe;0,) nanoparticles (NPs) are top-class materials
for biomedical applications because of their excellent soft
magnetism (high saturation magnetization and low coercive
force), good biocompatibility and low cytotoxicity."”> They are
used as new generation contrast agents for magnetic reso-
nance imaging (MRI) and are ideal materials for targeted drug
delivery, magnetic  hyperthermia, bioseparation and
biosensors.”” They are also widely used in catalysis.® Fe;0,
NPs with variable sizes and different shapes including cubes,
octahedra, rhombic dodecahedral, truncated octahedral and
spheres have been successfully synthesized.”

Because Fe;O, NPs are often prepared from aqueous
solutions"**>'” and because in most of the potential appli-
cations mentioned above Fe;O, NPs are supposed to act in an
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way for further study of FesO4 NPs in biological environments.

aqueous environment, the surface/water interface as well as
the solvation shells around the NP is expected to play a crucial
role.'® However, the detailed atomistic description of the
surface water chemistry and of the multilayer dynamical struc-
tures is not easy to be achieved, both experimentally and theor-
etically, and, in addition to that, it may largely depend on the
NP shape and exposed facets.

Several studies have been conducted to explore the adsorp-
tion of water molecules on flat Fe;O, surfaces.®’ For
instance, combining X-ray photoelectron spectroscopy (XPS)
and density functional theory (DFT) calculations, Kendelewicz
and co-workers proposed that, at low water vapor pressure and
room temperature, water would not adsorb dissociatively on
the Fe;0,(001) surface, except on defect sites and that dis-
sociation can be observed only between water vapor partial
pressures of 10* and 107> Torr.">*" At high water coverage on
the Fe;0,(001) surface, a mixed dissociated and undissociated
adsorption mode was suggested by LEED,>* XPS$*"*** and high-
resolution electron energy loss spectroscopy (HREELS).>?
Similarly, on the Fe;04(111) surface, both dissociated water
and undissociated water exist with increasing coverage, accord-
ing to ultraviolet photoelectron spectroscopy (UPS) and
thermal desorption spectroscopy (TDS).>* On the theoretical
side, DFT+U, hybrid density functional and density functional
tight binding calculations indicate that, on the Fe;0,(001)
surface, isolated water molecules would not dissociate,
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whereas, at high water coverage, a mixed adsorption mode is
favored.**®” Water overlayers on the Fe;04(001) surface were
also investigated by multiscale molecular dynamics
simulations.?”

However, as mentioned above, the interface between
liquid water and Fe;O, NPs is far different from considering
water molecules on flat Fe;0, surfaces. The detailed struc-
ture of the hydration shells for magnetite NPs in water was
rarely investigated. By XPS and isosteric heat of adsorption,
Tombdacz proposed that a high density of hydroxyl groups
exists at the surface of Fe;0, NPs when exposed to water
vapor.”® By high-energy X-ray scattering, three distinct intera-
tomic distance peaks (1.48, 1.95 and 2.39 A) around faceted
Fe;O, NPs in water were found, which are attributed to
hydrogen bonds between surface O atoms and H atoms in
water, the Fe-O distance between Fe atoms on the surface
and O atoms in molecular and dissociated water
molecules.”

To our knowledge, the theoretical study of magnetite NPs
in water has not yet been performed for the main reason that
the accurate simulation of magnetite NPs of realistic size in
bulk water with quantum chemical methods is computation-
ally very demanding. Magnetite is a complex magnetic
material, which requires high-level quantum mechanical (QM)
techniques, beyond standard density functional theory (DFT),
for its correct description.’®*° Surrounding magnetite NPs
with liquid water is, however, not feasible with DFT methods.
Recently, through the development of new Fe-O interaction
parameters, we managed to well describe magnetite by the
Hubbard corrected self-consistent charge density functional
tight-binding (SCC-DFTB+U; from now on, DFTB+U) method,
which is a cheap and efficient quantum mechanical simu-
lation method with comparable accuracy to DFT.>! Then, by
combining DFTB+U and hybrid DFT methods, we finally suc-
ceeded in the quantum mechanical simulation of Fe;O0, NPs
of realistic size (about 2.5 nm) and different shapes under
vacuum.*”

In the present study, we have first investigated the adsorp-
tion behavior of one isolated water molecule on the Fe;O, NP
surface by putting one water molecule in contact with the bare
roundish Fe;0, NPs from our previous work.*> Then, we have
adsorbed a water monolayer on a roundish NP and performed
a global minimum structure search by a high temperature
annealing process simulated by DFTB+U dynamics. At the end,
by means of a multiscale approach, we surrounded the water-
saturated NP with several water multilayers with the aim of
simulating bulk water. The theoretical simulations are dis-
cussed in comparison with documented experimental data by
high-energy X-ray scattering.*

The extent of water dissociation on the surface of Fe;O,
NPs is obtained by performing DFTB+U dynamic simulations,
whereas the influence of the first hydration shell on the struc-
tural, electronic and magnetic properties of Fe;O, NPs is
studied at the hybrid DFT level of theory. On top of that, by
performing a quantum mechanics/molecular mechanics (QM/
MM) molecular dynamics simulation of Fe;O, NP in bulk
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water, we obtain the atomistic insight into the structure of the
solvation shells.

Our work fills the gap in theoretical simulations of magne-
tite NPs in water. It provides a clear picture of the chemistry at
the NP surface and of the hydration shell structure around the
NP of realistic size (about 1000 atoms) immersed in liquid
water (more than 7000 water molecules). Understanding the
fundamental properties of these types of interfaces is crucial
for the development of nanoparticle-based applications in
aqueous media.

2. Computational details
2.1 DFT calculations

Hybrid DFT calculations (HSE06%?) were carried out using the
CRYSTAL17 package®*?® for investigating the structural, elec-
tronic and magnetic properties of the Fe;O, NP with one water
monolayer adsorbed on it. In these calculations, the Kohn-
Sham orbitals are expanded in Gaussian-type orbitals (the all-
electron basis sets adopted for the elements in our model
systems are H|5-11G*, O|8-411G* and Fe|8-6-411G*, according
to the previous work on Fe;0, *°). The convergence criterion of
0.02 eV A™* for force was used for geometry optimization and
the convergence criterion for total energy was set as 10~°
Hartree for all the calculations.

2.2 DFTB calculations

SCC-DFTB, which is a method cheaper and faster than DFT,
can well describe Fe;0, bulk, surface, NPs and the water/Fe;O,
interfaces.””'*> The SCC-DFTB method**® is an approxi-
mated DFT-based method that derives from the second-order
expansion of the Kohn-Sham total energy in DFT with respect
to the electron density fluctuations. The SCC-DFTB total
energy can be defined as:

oce

1 N
Eqor = Zsi + EZM;;A%A% + Erep7 (1)
i o,p

where the first term is the sum of the one-electron energies ¢;
coming from the diagonalization of an approximated
Hamiltonian matrix. Ag, and Agg are the induced charges on
the atoms o and p, respectively, and y,s is a coulombic-like
interaction potential. E,, is a short-range pairwise repulsive
potential.

The SCC-DFTB calculations were carried out using the
DFTB+ package.’* The “trans3d-0-1” set of parameters®® are
used for the Fe-Fe and Fe-H interactions, and the “mio-1-1”"
set of parameters>® are used for the O-O, H-O and H-H inter-
actions. For the Fe-O interactions, we used the Slater-Koster
files fitted by some of us previously,*' which can well describe
Fe;0, bulk, surface, NPs and the water/Fe;0, interfaces.?”*'"2
SCC-DFTB+U*" with an effective U — J value of 3.5 eV was
adopted to properly deal with the strong correlation effects
among Fe 3d electrons, according to our previous work on
magnetite.”®3%3* The convergence criterion of 10™* a.u. for
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force was used during geometry optimization and the conver-
gence threshold on the self-consistent charge (SCC) procedure
was set to be 107> a.u.

SCC-DFTB+U molecular dynamics was performed within
the canonical ensemble (NVT) to obtain the global minimum
structure of the Fe;0, NP with one monolayer water adsorp-
tion. The time step was set as 1 fs and an Andersen thermo-
stat’® was used to target the desired temperatures. To simulate
the temperature annealing processes, the NP with a water
monolayer was quickly heated up to 500 K (about 0.5 ps), kept
at 500 K for 3.5 ps and then cooled down slowly to 100 K,
when no further structural changes were expected. The total
simulation time is 24.5 ps. To well describe the hydrogen
bonds, a modified hydrogen bonding damping (HBD) function
was introduced with a ¢ = 4 parameter®® for the SCC-DFTB+U
calculations.

2.3 QM/MM calculations

The QM/MM molecular dynamics in this work is carried out
through the additive-coupling scheme,**** in which the total
potential energy for the system is given by

Erorar = Eqm + Emm + Eqm/mm; (2)

where Eqy and Eyv are the total potential energy of the QM
and the MM sub-systems, respectively. Eqmmm stands for the
total energy of the QM/MM coupling term, which accounts for
electrostatic interactions and the vdW interactions between the
QM and MM atoms. The Atomic Simulation Environment
(ASE) interface®® handles the coupling between the QM and
the MM sub-systems through the electrostatic embedding QM/
MM scheme.?” We made use of the DFTB+ software®® for the
treatment of the QM part at the DFTB level, whereas for the
MM part, composed only of classical water molecules, we
employed the Amber16 code®® with water described by the flex-
ible g-SPC/Fw model.*® For the QM part, the same setup as the
DFTB calculations discussed above is adopted.

The coupling between the QM and MM regions consists of
an electrostatic term calculated as the Coulomb interaction
between the atomic charges of the QM part and the charges of
the MM atoms, whereas all the non-Coulomb interactions (van
der Waals) between the subsystems have been implemented as
a Lennard-Jones (12-6) type potential,

12 6
QM/MM OAB OAB
"’ A;M B;M Rap Rap

where R is the distance between pair of atoms, ¢ is the depth
of the attractive potential well, and ¢ is the distance at which
the particle-particle potential energy U is zero. Values of ¢ and
o for oxygen and hydrogen atoms are taken from the SPC/Fw
model,*® and ¢ and o for Fe atoms are taken from ref. 50. g,
and o,p cross-parameters are estimated using the Lorentz-
Berthelot combining rules.>*

To model the roundish Fe;O, NP embedded in bulk water,
we put the optimized hydrated NP into a water droplet with a
diameter of 8 nm by using the PACKMOL program.>?

This journal is © The Royal Society of Chemistry 2021
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Molecular dynamics was performed within the NVT ensemble
with a target temperature of 300 K maintained constant using
the Berendsen thermostat. The Newton’s equations of motion
were integrated in time using the Velocity-Verlet algorithm>?
with a time step of 1 fs. The system has been equilibrated for
10 ps and then a production run has been performed for
20 ps.

2.4 MM calculations

The potential energy form for the classical description of the
systems is based on the well-established COMPASS force
field>* that estimates the vdW forces through a Lennard-Jones
(6-9) potential while long-range electrostatics is modeled by a
classical Coulomb potential, given by

9 6
- -
Bvaw = ) & {z (r—’) —3(77) } (4)
ij g g

Herein, o; stands for the inter-atomic distance between a
pair of atoms at which the potential energy reaches a
minimum value, and ¢; defines the potential well depth of the
attractive component. g; and ¢; represent the partial atomic
charges on the classical atoms i and j, separated by an inter-
atomic distance r;. For unlike atoms, the sigma and epsilon L]
(6-9) cross-parameters are calculated by the 6™ power combin-
ing rules®® given by eqn (6) and (7), respectively:

65+ o\ Ve
= ("57) ©
3.3
_ ([ _0iGj
£j = 2,/€iE (701‘6 mn 016)' (7)

All MM-MD simulations were carried out with the LAMMPS
program (version 7 Aug 2019).°® The atomic coordinates of the
Fe, O, and H atoms in the partially hydroxylated Fe;O, NS are
frozen at the DFTB-optimized geometry by zeroing the forces
on these atoms every MM-MD simulation step. The partially
hydrated NP is obtained by removing all the molecular water
from the optimized fully hydrated NP. To solvate this system,
we made use of the PACKMOL program®> to randomly put
water molecules around the Fe;O, NP within a simulation box
of 100 x 100 x 100 A®. Bonded and non-bonded FF parameters
for the COMPASS-based three-site water model and the
hydroxyl group are taken from the INTERFACE-FF.>” The L]
(6-9) parameters for the Fe(u), Fe(m), and O(u) atom-types in
the Fe;O, NP are taken from ref. 50. For the Fe-O cross-inter-
action, we use an optimized set of L] (6-9) parameters avail-
able in ref. 58. The partial-atomic charges on the magnetite
atoms are derived from the DFT/HSEO06 calculations in line
with our previous work.?”

To vanish any atomic overlapping and minimize the total
energy of the system before the equilibration phase, we carried
out a minimization phase with a maximum number of 500 000
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steps and a convergence tolerance of 10~ for forces through
the conjugate gradient algorithm. The equilibration phase was
carried out for 10 ns in the isotherm-isobaric (NVT) ensemble
until convergence of the bulk-water density at 7' = 300 K. The
production phase explored 50 ns of the phase space in the
NVT ensemble at T = 300 K. Electrostatic and LJ (6-9) poten-
tials utilized a cut-off of 10 A, and the Newton’s equations of
motion were solved using the Velocity-Verlet integrator®® with
a time step of 1.0 fs. The long-range solver particle-particle
particle-mesh (PPPM)* handled the electrostatic interactions
with a threshold of 107 for forces under Periodic Boundary
Conditions (PBC).

3. Results and discussion

3.1 First hydration shell around the Fe;0, NP: adsorption of
a water monolayer

In our previous work, we have obtained the global minimum
structure of a roundish Fe;O, NP under vacuum
((Fe304)136(H,0)15) with a diameter of 2.5 nm.** We expect that
water adsorption might affect the curved surface structure.
Before putting a whole water monolayer around the Fe;O, NP,
we first investigate the adsorption behavior of a single isolated
water molecule on the various undercoordinated Fe sites
present on the surface.>> We define two kinds of Fe ions in the
NP, Fer., and Feq., depending on the occupied type of bulk
lattice site (tetrahedral and octahedral) and we keep this classi-
fication even when they become undercoordinated at the NP
surface. Labels, including 3c, 4c, 5c and 6c, are then added to
indicate the actual coordination number of the corresponding
ions. For example, Fere.3. and O3, are a three-fold coordinated
Fe ion at a tetrahedral site and a three-fold coordinated O ion,
respectively.

According to previous studies,> ¢ both molecular and dis-
sociated (split into OH and H) water are present on flat Fe;0,
surfaces, with the water O atom chemically bound to surface
Fe ions. Therefore, both molecular and dissociated adsorption
modes are considered at different Fe sites on the NP surface
and the resulting binding energy values for a single water
molecule adsorbed on various sites are listed in Table 1. On

Table 1 The binding energies (Ey,) for single water molecules adsorbed
on different sites of the FesO4 NP

Adsorption site Adsorption mode Ey, (eV)

Feretse Molecular —1.65 to —1.75
Dissociated (H on Os,) —0.91 to —1.00
Dissociated (H on Oy) -1.32 to —1.74

Feoctac Molecular —1.82 to —1.95
Dissociated (H on Os,) —2.84 to —2.99
Dissociated (H on Oy) —3.17 to —3.90

Feocese Molecular —1.50 to —1.86
Dissociated (H on Os,) —1.11 to —1.24
Dissociated (H on Oy) —1.32 to —1.89
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Ferer3c Sites, molecular adsorption is preferred, except for few
cases where the H atom from dissociated water adsorbs on a
two-fold coordinated surface oxygen atom (O,). This indicates
that O,. is far more reactive than Os., as one would expect.
This agrees with previous results, which show that a single
water molecule would not dissociate on Fere.s. Sites of the
Fe;0,4(111) surface® because all the O atoms on the surface
are three-fold coordinated. In contrast, on Feg..4. Sites, the
dissociated mode is always favored with respect to the mole-
cular mode, independent of the O site where H is adsorbed.
On Fepcesc sites, the situation is similar to that on Fepesc
sites, i.e. molecular adsorption is preferred, except when the
dissociated H atom binds to a surface O, site.

On the basis of the results above, we built an initial model
of water-saturated Fe;O, NPs by putting one undissociated
water molecule on every Fere.3. and Feoet.sc sites, one OH and
one undissociated water molecule on every Fep.4c site of the
roundish NP cut from bulk Fe;0, ((Fe30.4)136(H20)15) from our
previous work,** as shown in Fig. 1. As a consequence, all the
Fe ions in the NP become fully coordinated, leading to the
molecular chemical formula of (Fe;04)136(H20)1s6. The H
atoms from dissociated water are put preferentially on O,. on
the NP surface.

We must note that the dissociation behavior depends not
only on the adsorption sites but also on the extent of water cov-
erage, as indicated by the studies of water on flat Fe;0,
surfaces.”’° To obtain the global minimum structure of the
water-saturated Fe;O, NP, we then performed the MD run,
with the DFTB+U method, simulating a temperature annealing
process up to 500 K, whose temperature profile is shown in
Fig. 1. After the annealing, the Fe;0, NP was further fully opti-
mized at the more accurate hybrid density functional HSE06
level of theory. We observe that, after the annealing, about half
of water molecules on Fere.3. dissociate into OH and H. Some
of the H atoms from water dissociation go to O atoms on the
NP surface and some of them react with OH on Feg Ssites
forming molecular water again. The simultaneous dissociation
and reforming water processes are due to the complex geomor-
phology of the NP surface, which cannot be found on flat sur-
faces. In the end, 43% water molecules on the NP surface are
dissociated, indicating the strong ability of the NP surface to
provoke this reaction. This agrees well with previous experi-
mental work, in which a high density of hydroxyl groups at the
surface of Fe;O, NPs was found when exposed to water
vapor.”®

By comparing the simulated extended X-ray absorption fine
structure (EXAFS) of Fe;0, bulk, of the NP under vacuum and
of the water-saturated NP (with one adsorbed monolayer), as
shown in Fig. S1 in the ESL{ we can conclude that water
adsorption improves the degree of crystallinity of the NP due
to the saturation of low-coordinated Fe ions on the surface.
This agrees with a previous study on ZnS nanoparticles, which
shows that the binding of water to the as-formed ZnS nano-
particles significantly reduces distortions of the surface.®’ We
expect that besides affecting the structure, water adsorption
will have consequences also on the electronic and magnetic

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The scheme of the saturation of the bare FesO4, NP with water molecules, including the simulated annealing temperature profile (bottom
right) and global minimum structure of the magnetite NP saturated by 186 water molecules (bottom left). The color coding of atoms is given in the

legend in the middle.

properties of Fe;O, NPs. To prove this, we investigated the
charge and spin distribution in the magnetite NP covered with
a water monolayer using the HSE06 method, as shown in
Fig. 2. Interestingly, we find that Fer.>" ions exist not only on
the surface but also inside the NP (Fig. 2a), which is in sharp
contrast with the situation for the roundish Fe;O, NP under
vacuum, where Fer>" ions only exist on the surface. Detailed
analysis of the charges of all the Fe ions in roundish Fe;O4 NP,
under vacuum and under water covering, is shown in Fig. 2b.
In sharp contrast with the NP under vacuum, the charge
grouping in the water-saturated NP is more pronounced,
similar to what has been observed in bulk magnetite.*
Therefore, we can state that the effect of water adsorption is to
make the NP more crystalline not only from the structural
point of view but also from the charge ordering one.

The total magnetic moment (m,,) of the water-saturated
Fe;0,4 NP is determined by a series of HSE06 full atomic relax-
ation calculations considering different m;, values. As shown
in Fig. S2 in the ESL{ the optimal m of the NP after water
saturation increases to 656up from 600xp under vacuum, with
high benefit for biomedical applications where NPs with high
magnetic moments are more effective. The increment of the
My can be rationalized by the change in the charge distri-
bution mentioned above. After water saturation, the number of
Fere”" ions (N(Fer’")) increases and the number of Fere’*
ions (N(Fer.’")) decreases. In the meantime, the number of
Feoe® (N(Fepe’")) increases and the number of Fepe"
(N(Fepe:>")) decreases in order to maintain the neutrality of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Selected dissected views showing the charge and spin distri-

bution in the roundish magnetite NP covered with a water monolayer.

Oxygen and hydrogen atoms are not shown. (b) The net charge distri-

bution for the Fe ions at tetrahedral and octahedral sites in the opti-

mized roundish magnetite NP without (on the left) and with (on the

right) water adsorption. All the results are from HSEO6 calculations.
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NP. As a consequence, according to the formula for estimating
the m of Fe;0, NPs, proposed in our previous work,*” i.e.
Mot = 5 % (N(Feoe” ) — N(Fere” 1)) + 4 X (N(Feoer™) — N(Ferer™)),
the m,, increases. Finally, we must note that the main features
of the electronic structure of the NP do not change much after
water saturation, as indicated by comparison of the density of
states shown in Fig. S3 in the ESL¥

3.2 Immersion of the hydrated Fe;O, NP in bulk water

As mentioned in the introduction, to gain a detailed structural
insight into the water solvation shells around the roundish
Fe;0, NP, we built a realistic model by immersing the opti-
mized fully hydrated Fe;O, NP from the previous section into a
water droplet with a diameter of 8 nm, as shown in Fig. 3.
Then a multiscale QM/MM molecular dynamics simulation
has been performed at 300 K for 30 ps, where the hydrated
Fe;O,4 NP is treated at the DFTB level, whereas the water mole-
cules around are treated at the MM level.

First, we focus on the innermost (first) hydration shell, i.e.,
the direct bonds between surface Fe ions and OH and H,O,
which is treated at the DFTB level of theory. The bond length
distribution of the Fe-O at the NP/water interface is plotted in
Fig. 4. There is a prominent peak centered at 1.99 A with a
shoulder at 1.93 A, which can well explain the experimentally
observed peak at 1.95 A.>° By projecting the total Fe-O bond
length distribution for different Fe ions (Fere, and Fege) with
different O ions (O in OH and H,0), the peak can be rational-
ized in detail. The peak at 1.99 A is mainly contributed by

Fig. 3 Atomic structure of the hydrated Fe3O4 NP embedded in a water
droplet with an overall stoichiometry of (Fe304)136(H20)7379. The water
droplet is 8 nm in diameter and the hydrated FesO4 NP is about 3 nm in
diameter. Fe, O, and H atoms of the hydrated NP (treated at the DFTB
level of theory) are shown as green, red and white balls, respectively.
Molecular water molecules of the water droplet (treated at the MM level
of theory) are represented by gray lines.
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Fig. 4 Fe—O bond length distribution at the FesO, NP/water interface.

bonds between Fep, ions and OH (red line in Fig. 4) and the
shoulder at 1.93 A is due to the bonds between Fer., and OH
(orange line). The bond length of Fer.—OH, is also around
1.99 A (green line). The bond lengths of Feo.—OH, are longer
than those of Fer.—OH, and are widely distributed in the
range from 1.99 A to 2.26 A (blue line). Another peak centered
at 2.24 A (black line) is very close to the experimentally
observed peak at 2.39 A,*® which is contributed by both Fege—
OH and Feo.—OH, bonds. Note that the Feo..—OH bond length
depends on the coordination of the O atom of the OH group.
When one OH is bonded to one Fe ion, the bond length is
shorter (peak at 1.99 A), whereas when one OH is bonded with
two Fe ions, the bond length is longer (peak at 2.24 A).

Then, we analyze all the hydration shells. We extract from
the QM/MM molecular dynamics runs the radial distribution
function (RDF), g(d), of O in water molecules with respect to
the NP center. To gain a deeper insight into the Fe;O, NP/
water interface, a decomposed RDF based on the O-type is pre-
sented in Fig. 5, i.e., O from molecular water molecules in the
MM part (black line), O from molecular water molecules in the
QM part (red line) and O from the dissociated OH in the QM
part (green line) are shown, respectively. The RDF is normal-
ized by the density of bulk water. In addition, to clearly set the
position of the NP surface, the RDFs of the O and Fe atoms in
the NP, with meaningless y-values, are also plotted (blue and
gray lines, respectively). According to the RDF (blue, gray and
green lines), the NP surface atoms are set in a window range of
distances between 12 A and 14 A, because the NP is not per-
fectly spherical. Consequently, the water O atoms directly
bonded with surface Fe ions present a wide distribution of d
values (green and red lines).

The distribution of O in water in the MM part (black line in
Fig. 5) presents two clear peaks, one centered at 15.5 A and the
other at 16.5 A. Through a detailed check of the structures of
MM water molecules during the dynamics in the range
between 14.2 A and 15.7 A (about 2 to 3 A from the NP
surface), we could unravel the nature of the interactions in this

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 RDF of O in water molecules as extracted from the QM/MM molecular dynamics runs of the hydrated FezO, NP enclosed in a water droplet.
The zero reference is the center of the NP. The distribution function of O and Fe in Fez0,4 NP are also shown (blue and gray lines) just to indicate the
position of the surface of the NP. Inset schematically shows the location of water molecules in region 1 in the MM part and the interaction between
these water molecules and the NP surface. The solid red balls represent O of water in region 1 in the MM part. The hollow red balls are O of water or
OH directly bonded with Fe ions. The dotted red circles are O belong to the NP surface. Dotted green lines represent hydrogen bonds.

region 1, which are schematically shown in Fig. 5. Some of the
water molecules in region 1 interact with the surface O of the
NP through hydrogen bonds and some of them interact with
the innermost hydration shell through hydrogen bonds.

Based on the analysis above, therefore, we can classify the
water molecules and OH directly bonded with Fe ions as the
first hydration shell, whereas the water molecules in region 1
as the second hydration shell. All the water molecules in
region 2 of Fig. 5 do not interact directly with the NP but inter-
act with the second hydration shell through hydrogen bonds
and, therefore, can be classified as the third hydration shell.
The RDF quickly converges to 1.0 after 17.5 A, indicating that
the water above 5 A from the NP surface is essentially bulk
water. Similarly, previous MM molecular dynamics simulations

show that water close to the surfaces of the hematite nano-
particles also forms several ordered layers.**

Note that during the QM/MM molecular dynamics, atoms
in the QM part are frozen to their optimized position due to
some technical issues. Therefore, the absolute value of the
RDF intensity for the O in the QM part (green and red lines) is
not precise. However, we believe that atoms in the first
hydration shell would not move so much during the dynamics
because they are tightly bonded to the NP surface atoms.

To exclude any effect of freezing water molecules during the
QM/MM molecular dynamics, we also performed MM mole-
cular dynamics where all the water molecules are free to move
for a longer simulation run (60 ns in total) and in a larger box
(10 nm x 10 nm x 10 nm). In this model, the partially hydrated

2.59 1% hydration shell 2™ hydration shell 3" hydration shell bulk water
| ! ! —QM/MM
2.0 | | | — MM
| | |
| | |
1.5 | | |
= | | |
5 | |
1.0 |
| |
] |
0.5 | |
| |
| |
0'0 T L} L ! ) L} ! T L L L} L}
12 13 14 15 16 17 18 19 20 21
d (A)

Fig. 6 Radial distribution function g(d) of O in water molecules as extracted from the QM/MM (the red line) and MM (the blue line) molecular
dynamics runs of the hydrated FesO,4 NP enclosed in a water droplet, respectively. The zero reference is the center of the NP.
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NP, obtained by removing all the molecular water from the
optimized hydrated NP, is fully optimized by DFTB+U and
then put in a large water box. The RDF for the O atoms in the
water molecules based on the last 50 ns of the MM molecular
dynamics run is shown in Fig. 6 (blue line). To compare the
MM results with those from the QM/MM simulation, we must
sum up the black and red lines (not the pink one) in Fig. 5
and display the resulting merged red line in Fig. 6, because
the RDF extracted from the MM calculations is only for the O
atoms belonging to molecular (undissociated) water mole-
cules, which does not include the contributions of dissociated
OH groups fixed on the NP surface. In general, the curves from
QM/MM and MM agree quite well one with the other, indicat-
ing three hydration shells. However, there is a shift of peaks
(about 0.3 A) in the first hydration shell. This shift is because
the optimized force field parameters used in the MM simu-
lation tend to maximize the number of hydrogen bonds estab-
lished by water molecules with the nanoparticle surface atoms,
resulting in a shorter distance between O in water molecules
and the center of the NP, as discussed in our previous paper.>®
The good agreement between QM/MM and MM data not only
confirms the reliability of our results but also suggests that
with a chemically stable and fully optimized Fe;O, NP struc-
ture (by hybrid density functional methods) and with reason-
able force field parameters®® MM molecular dynamics can be
an extremely efficient way to explore Fe;O, NP/water interfaces
and even more complex systems, such as functionalized Fe;0O,
NPs in water for biomedical applications.

4. Conclusions

In this work, we presented a multistep investigation of the
interaction of roundish Fe;0, NPs with water, based on hybrid
DFT, QM(DFTB)/MM and MM calculations.

At the hybrid DFT level of theory, we first investigated
single water molecule adsorption modes on various types of
uncoordinated Fe sites present on a realistic curved nano-
particle. Then, by decorating all the adsorption sites, we
studied a full water monolayer coverage and observed the
effect of the first hydration shell on the structural and elec-
tronic properties of Fe;0, NPs: they become more crystalline
and the total magnetic moment increases, which has a positive
impact on their nanomedical applications. We found out that
43% of water molecules in the first hydration shell dissociate,
suggesting a high tendency of roundish Fe;O, NPs to become
hydroxylated.

By a multi-scale approach combining the density functional
tight-binding method and classical force field calculations
(QM(DFTB)/MM), we investigated the atomistic structure of the
hydration shells around the roundish Fe;O, NP immersed in
bulk water. We identified three hydration shells and deter-
mined that above 5 A away from the NP surface water holds
essentially its bulk properties. The bond length distribution of
the Fe-O at the NP/water interface successfully explains the
experimental observations. Interactions between the first and
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the second hydration shells as well as between the second and
the third hydration shells are mainly through H-bonds.
Parallel MM calculations lead to very similar results, which
suggest that the very cheap MM approach could be used to
obtain reliable information on the dynamical behavior of mag-
netite NPs in aqueous media.

Our work fills the gap in theoretical simulations of magne-
tite NPs in water and paves the way for further studies of more
complex functionalized Fe;O, NPs in biological environments
for nanomedical applications.
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