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Supporting Text ST1 

 

  

Sample preparation and experimental details  

Iron oxide NPs (IONP) were prepared according to the co-precipitation method reported by 

Balzaretti et al.1 Briefly, 8.89 g of FeCl3 × 6 H2O and 3.28 g FeCl2 × 4 H2O were mixed in 380 mL of 

water, while dropping 1.5 mL of a solution of 37% HCl. The solution was maintained under a 

vigorous stirring for 30 min. Then, 25 mL of 25% NH4OH were added and stirred vigorously for 

10 min. The obtained NPs were washed three times with MilliQ water and then suspended in 

40 mL of 2 M HNO3. The suspension temperature was increased and heated at 90 °C for 5 min. 

Particles were magnetically separated and 60 mL of 0.34 M solution of Fe(NO3)3 × 9 H2O were 

added in order to obtain stable iron oxide γ-phase (maghemite) from magnetite NPs by reducing 

the Fe2+/Fe3+ ratio.2  The suspension was heated at 90 °C for 30 min under magnetic stirring. The 

NPs were collected by a magnet and suspended in MilliQ water and left in dialysis overnight.  

The separations were performed using a strong magnet (NdFeB-magnet), while the magnetic 

stirring was performed using a weaker magnet. The few NPs that remained attached on the 

surface of the magnetic bar during the stirring could be easily recovered by washing with MilliQ 

water. 

For APTES functionalization, a 1.5M solution of APTES, suspended in ethanol, was poured into 

150 mg of IONPs suspended in MilliQ water. The reaction was maintained under mechanical 

stirring for 1 h at room temperature and for 1 h at 90 °C. The amino-modified NPs (IONP-APTES) 

were washed three times with MilliQ water, separated by centrifugation and suspended in MilliQ 

water. The obtained NPs were stored at 4 °C.   
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The Debye Function Analysis 

In order to investigate the variability of the lattice parameters and of the cation vacancies in 

magnetite–maghemite nanoparticles (NPs) with their size-dependent oxidation we used a 

modelling approach relying on the Debye scattering equation3 in the formulation recently 

proposed by Cervellino et al.4: 

 
where Q = 2q, q = 2sin/ is the length of the reciprocal scattering vector,  is the radiation 

wavelength, fj is the atomic form factor, Tj and oj are (adjustable) atomic Debye–Waller and site 

occupancy factors (s.o.f’s), dij is the interatomic distance between atoms i and j, and N is the 

number of atoms in the NP. Atomistic models of pure Fe3O4 nanocrystals of spherical shape were 

generated following a concentric shells model to build up a discrete population of NPs of 

increasing radius, r, of subsequent spheres with  r equal to 0.328 nm [details on atomistic model 

construction of spherical nanocrystals can be found in Cervellino et al.4] Specific details on IONPs 

modelling and analysis can be found in Ref.5 The long-known problem of extremely heavy 

computing time required by the Debye equation was solved by sampling the interatomic distances 

according to the algorithm described by Cervellino et al.6 After calculating and storing the set of 

sampled distances of each nanocrystal for the entire nanoparticle population, the Debye pattern 

model of each sample was calculated and further adjusted to the experimental one by optimizing 

the following parameters: (i) the average (<D>N) and standard deviation σN of a lognormal 

function, adopted to describe the nanocrystals size polydispersity. The adoption of this function is 

justified by experimental observations7 and several theoretical models developed for single-

process-driven NP syntheses;8–10 (ii) the site occupancy factor (s.o.f.) of Fe ion in the octahedral 

site and (iii) the cubic unit cell parameter, both modeled according to a size-independent law,5 and 

(iv) the isotropic Debye–Waller factor of each atom. Parameter optimization was performed 

through the simplex method.11 The solvent signal was added as an additionally model “blank” 

component and scaled to the experimental data by least squares. For both the investigated 

samples, the best fits are shown in Fig. S1 which include also the entire log-normal size-

distributions derived therefrom. 
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Supporting Figure S1 

 

 

(a) 

 

(b) 

 
(c) 

 
(d) 

IONP APTES 
Figure S1. Final Plots of the Debye Functional Analysis performed on IONP (a) and IONP-APTES (b) 
samples. Final Goodness of Fit values were 2.67 and 3.88, respectively. In (c) and (d) the Number 
(red) and Mass (blue) size distributions derived therefrom, according to a lognormal function, are 
plotted. 
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First-principles Modeling 

The magnetic IONP was modeled adopting a slab geometry, the stoichiometry of which is Fe2.60O4, 

close to both the maghemite ideal stoichiometry Fe2.667O4 and to the experimentally detected 

(Fe2.66O4) one (see main text). The oxide slab consisted of 36 Fe occupying octahedral sites and 16 

Fe in tetrahedral sites. Octahedral site vacancies were randomly distributed avoiding close 

contacts among vacancies, which are energetically unfavorable. Structural information gathered 

from the WAXTS data were adopted to build the model slab. The chosen model slab exposes the 

(111) facet of maghemite and, in order to mimic a chemisorbed APTES model, a -Si(OCH3)2-(CH2)3-

NH3
+ residue was covalently bonded to the hydroxylated slab surface, forming a Fe-O-Si bridge. 

Forty-one water molecules completed the model (see Figure 1 of the main text) with a total 

stoichiometry of [Fe52O76(OH)4](Si(OCH3)2-CH2-CH2-CH2-NH3)41(H2O). As in the experimental 

conditions, the terminal amino group is protonated (-NH3
+). This charged group is indeed relevant 

as it could be exploited as anchoring centre for biomolecules. 

Computational details 

The simulation system consisted of a water-solvated Si(OR)3-(CH2)3NH3
+ (R=CH3) moiety at the 

(111) facet of the maghemite slab. By considering chemisorption, one alkoxide –(OCH3) group was 

removed and the Si was manually linked to a surface oxygen. The maghemite slab was 

characterized by a stoichiometry Fe2.6O4, i.e. very close to the experimental (ideal) maghemite 

stoichiometry Fe2.667O4. As above mentioned, in the model slab, 36 Fe atoms occupied the 

octahedral sites, while the remaining 16 Fe were located in tetrahedral sites. In particular, the 

chemical stoichiometry of the system was [Fe52O76(OH)4](Si(OCH3)2-CH2-CH2-CH2-NH3)41(H2O). The 

total system was electrically neutral. Octahedral site vacancies were randomly distributed in the 

slab, however, in line with experimental indications, vacancy close contacts were avoided. The 

maghemite slab (in square parenthesis in the chemical formula) is partially hydroxylated on the 

surface where the amino-alkoxysilane is chemisorbed. The maghemite slab was built adopting the 

cell parameters determined from the synchrotron X-ray diffraction experiments. The slab area was 

10.234×11.817 Å2 (in the x,y plane), and the thickness was 14 Å in the z direction.  

In order to minimize interaction between images, a vacuum region of 12 Å was added along the z-

direction of the slab and filled with water molecules. Hence, the simulation box consisted of 

10.234×11.817×26.0 Å3. Specifically, the guess structure for the chemisorbed -Si(OR)2-(CH2)3NH3
+ 

moiety on the maghemite slab was solvated with 41 water molecules per simulation cell. Such a 

number of water molecules was chosen in such a way to reproduce as closely as possible the 

density of liquid water at ambient conditions. Periodic boundary conditions were applied in three 
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dimensions to the simulation cell, which contained a total of 284 atoms (52 Fe, 124 O, 101 H, 1 N, 

5 C, 1 Si). 

The electronic structure of the system was modeled in the framework of (Spin Polarized) Density 

Functional Theory (DFT). The chosen approximation was the PBE functional, combined with D2 

empirical dispersion corrections (PBE-D2).12,13  The magnetization was determined using a Hubbard 

Hamiltonian model, using for Fe a U parameter of 4.0 eV.14 With this computational setup, the 

total magnetization (number of up-spin minus down-spin) was calculated self-consistently and 

resulted 86 mag/cell. Such calculated magnetization was kept fixed during the finite temperature 

simulation, which was performed without the Hubbard contribution to the Hamiltonian. 

The electron-ion cores interaction was described with ultrasoft pseudopotentials.15 Calculations 

were performed by expanding the wavefunction, at Γ point, in a plane wave basis set, and 

employing as planewave cutoff 30 Ry (240 Ry for electron density) and periodic boundary 

conditions. 

The simulation approach used for studying the dynamics of this system was the Car-Parrinello First 

Principles Molecular Dynamics.16 Simulations were performed in the NVT ensemble. The 

simulation parameters were: Target temperature of the thermostats = 298 K; integration time step 

= 5 au, fictitious mass for the wavefunction coefficients = 500 au. After 10 ps equilibration time, 

the total elapsed simulation time for the production run was 15 ps. Data were averaged and 

analyzed over the 15 ps trajectory. All calculations were performed with the Quantum Espresso 

suite of programs: in particular, the PWscf code was adopted for the self-consistent calculation of 

the magnetization with the Hubbard Hamiltonian, while the CP code was employed for the FPMD 

simulation without the Hubbard Hamiltonian but with fixed magnetization.17   

Power spectra were calculated from the Fourier Transform of velocity autocorrelation functions 

(VVACF) obtained from the FPMD trajectory. Power spectra from momentum-momentum-cross-

correlation functions (MMCCF)18,19 were calculated in the same way from the same FPMD 

trajectory. Such cross correlations functions are typically used to monitor energy transfers among 

atoms from molecular dynamics simulations.19 By invoking Linear Response Theory, one does not 

need to introduce, in the system Hamiltonian, the perturbation due to the AMF. This is because, 

the response of the system (rise in T) upon activating the perturbation (AMF) is linear. This fact has 

been shown in Ref. 20 where the Authors reported a linear temperature increase with the intensity 

of the applied field.   
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Supporting Figure S2 

 

Structural data from the FPMD simulation. 

Reported below are the pair distribution functions calculated for the water molecules atoms. 

 

Figure S2. Calculated pair distribution functions relative to water oxygen atoms for selected 

contacts: octahedral Fe (Feo), tetrahedral Fe (Fet), surface protons (Hsurf), NH3 protons (HNH3), 

water protons (Hwater),  and alkyl proton (HCHn). 
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Supporting Figure S3 

 

 

Figure S3. Calculated pair distribution functions relative to water hydrogen atoms for selected 

contacts: surface oxygens (Omaghemite), alkyl oxygen (OSi and OCH3) and water oxygens (Owater). 
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A comment on Figures S2 and S3 

The analysis of the g(r)’s, reported in Figures S2-S3, reveals that water molecules are participating 

in a complex hydrogen bonding network which involves both surface and amino-alkoxy atoms, as 

proton acceptor (Figure S2) with respect to -NH3 protons, surface protons and water protons. As 

expected, water is not involved in hydrogen bonding with the protons of the alkyl groups. Owater 

can also coordinate Fe atoms at the surface, as signaled by the broad peak centered at 2.1 Å. As 

proton donors (Figure S3), water molecules are engaged with surface oxygens, oxygen atoms of 

the alkoxysilane and obviously with water oxygen atoms. Interestingly, the peak centered at 1.0 Å 

in the Hwater-Omaghemite g(r) clearly indicates that a water molecule dissociates forming a surface O-

H and an OH- anion which in turn coordinates a surface Fe octahedral cation, whose fingerprint is 

included in the broad peak in the 1.9 Å-2.2 Å range of the Owater-Feo g(r) in Figure S2.  

 

Supporting Movie 

Atom Color Code: Octahedral Fe, pink; tetrahedral Fe, blue; slab O, red, H, white; water O, cyan; 

Octahedral anchoring Fe, pink (large sphere), Si, yellow (large sphere); C, gray (large sphere); 

ethereal O, red (large sphere); N, blue (large sphere), APTES H, white (large sphere).   
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