
Surfaces and Interfaces 46 (2024) 103965

Available online 28 January 2024
2468-0230/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Theoretical multiscale study on the properties, aqueous solution behavior 
and biological impact of zinc oxide nanoparticles 

Nuria Aguilar a, Sara Rozas a, Elisabeth Escamilla b, Carlos Rumbo b, Sonia Martel b, 
Rocío Barros b, Pedro Angel Marcos b,c, Alfredo Bol b,c, Santiago Aparicio *,a,c 

a Department of Chemistry, University of Burgos, Burgos 09001, Spain 
b International Research Center in Critical Raw Materials for Advanced Industrial Technologies (ICCRAM), University of Burgos, Burgos 09001, Spain 
c Department of Physics, University of Burgos, Burgos 09001, Spain   

A R T I C L E  I N F O   

Keywords: 
Zinc oxide 
Nanoparticles 
Density Functional Theory 
Molecular Dynamics 
Protein docking 
Cell membranes 

A B S T R A C T   

The aim of this theoretical study is to describe the relationship between the structure and the physicochemical 
properties of zinc oxide nanoparticles (ZnO NPs) and Mn doped ZnO NPs to assess their toxicological impact. In 
order to do so, a multiscale modelling approach is applied. Different nanoparticles, as well as the mechanism(s) 
of nanoparticle aggregation and growing, are characterized in terms of size and shape considering electronic, 
surface, structural and topological properties via quantum mechanics simulations. To evaluate the toxicology 
impact of ZnO NPs in human health safety and their possible environmental impact, classical molecular dynamics 
simulations were carried out to study the interaction between the nanomaterials and biological target systems: a 
set of selected human proteins and model plasma membranes. Likewise, the simulation of nanoparticles 
dispersion in aqueous media along with water adsorption on their surfaces was conducted. 

The mayor findings may be summarized as: (i) the ZnO NPs from 12 to 96 (ZnO) units are characterized and 
their interaction energies, HOMO-LUMO gaps, superficial areas and volumes are reported; (ii) the (ZnO)12 NP 
and Zn11MnO12 NP are further characterized via their topological properties, vibrational spectra, PDOS and non- 
covalent interactions; (iii) the doping with Mn atoms is favourable. The interaction energies, HOMO-LUMO 
orbitals and gaps, PDOS, atomic charges, superficial areas and volumes are reported for NPs doped with up to 
5 Mn atoms; (iv) high water affinity for ZnO NPs is reported with both quantum and classical calculations, v) 
(ZnO)12 NPs do not penetrate the cell membrane and (vi) the affinity energy of both ZnO and Mn doped NPs for 
human proteins is moderate. 

The reported results provide in-depth whole-chain studies of zinc oxide nanoparticles, which have been 
successfully applied for different technologies.   

1. Introduction 

Nanomaterials [1] are currently used in many technologies, in
dustries and science areas because of their unique and tuneable prop
erties. Considering the chemical and physical diversity of the plethora of 
available and proposed nanomaterials, it is required to develop material 
structure–property–function relationship(s), which are needed to design 
materials for each specific application and which should be addressed 
applying different methodologies, i.e., theoretical and experimental 
studies to provide the required information that tackles with the 
complexity of the problem. From the point of view of in silico materials 
study and design, the use of a multiscale modelling approach allows a 

proper characterization of nanomaterials on different time and length 
scales. This may provide the required information for understanding the 
performance of the materials in terms of their physicochemical prop
erties. In particular, Quantum Chemistry – based methods allow the 
exploration of these relationships in terms of electronic properties and 
are employed to characterise the nanomaterial and the interactions with 
other target materials or molecules from a nanoscopic perspective. 
Magnifying the scale, methods such as Molecular Dynamics simulations 
allow to characterize larger systems and predict phenomena for longer 
time scales such as the interaction of nanomaterials with target bio
logical molecules, proteins and cell membranes, which can be used to 
predict their possible toxicological effects [2,3]. 
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Zinc oxide (ZnO) is one of the most studied materials either in bulk or 
nanostructure forms [4]. Bulk ZnO adopts a wurtzite-type crystalline 
structure (hexagonal P63mc space group) at atmospheric pressure and 
room temperature. The unit cell contains two formula units of ZnO in 
which each zinc cation (Zn2+) and oxygen anion (O2− ) are tetrahedrally 
coordinated to each other and stacked along the c-axis in alternating 
planess [5]. ZnO is a multitask II-IV n-type semiconductor with a direct 
band gap of 3.37 eV and an exciton binding energy of 60 meV [5,6]. The 
reported values of the exciton Bohr radius are between 1.8 and 2.8 nm 
[7] being the reported value for the bulk material 2.34 nm [8]. The 
physicochemical properties of ZnO such as chemical stability, biocom
patibility and biosafety for bulk ZnO [9], high index of refraction, high 
electrical and phonon thermal conductivity, dipole-dipole structure for 
nanostructures, its photo-responsive nature to light in the UV region (<
400 nm) of spectrum, coupled with its abundance, low cost and easy 
synthesis process from bulk crystals to a large variety of nanomaterials 
come into a material applied in virtually every science field [9–16]. 

ZnO nanostructures are commercially available and are being syn
thesized with a myriad of methods: wet chemical, hydrothermal, sol-gel 
methods, atomic layer deposition, sputtering techniques, electrochem
istry, inkjet printing and biological methods using microorganisms 
among others [17–22]. The physicochemical, optical and electronic 
properties exhibited by nanomaterials depends on their size, shape and 
aspect ratio. ZnO nanomaterials can be fabricated in different mor
phologies, e.g., nanoparticles (0D), nanotubes, nanowires, nanorods (1D 
and pseudo-1D), nanoplates, nanosheets (2D), nanoflowers, QDs and 
nanocrystals (3D) [8,18,23,24]. The high surface-to-volume ratio of 
nanostructures and the remarkable properties of ZnO mentioned above 
are responsible for the wide range of applications. Based on its high 
sensitivity and fast response, ZnO is used as gas sensor to detect CO2, CO, 
O2, NOx, O3, NH3 and ethanol [10,16,25]. Similarly, ZnO is used as SERS 
substrate and applied to detect biological analytes like DNA, haemo
globin and others biomarkers [18]. The excellent sensory nature of 
metal oxides permits to develop sensors capable of detecting heavy 
metals [12,26] and drugs, in picomolar concentrations, such as antibi
otics (azithromycin, clarithromycin and erythromycin [27]. In addition 
to its sensory role, ZnO is used as a filler to improve membrane per
formance to purify and decontaminate water and wastewater taking 
advantage of the outstanding photocatalytic activity of zinc oxide under 
UV light [17]. Focusing on its electron transport properties, ZnO is 
considered as a candidate for third generation solar cell technologies, 
and it is currently used as a blue-green led [6,8]. The piezoelectric 
behaviour of ZnO lead to commercialize piezoelectric nanogenerators 
[5] and its photoluminescence leads to develop scintillators [14]. Other 
ZnO applications vary from concrete and rubber additive, white pigment 
and heterogeneous catalysts for many chemicals to use as an ingredient 
in cosmetics and animal and human food [4,7,28]. One of the most 
relevant fields to make use of ZnO is biomedicine as this material pre
sents antibacterial, anti-inflammatory and wound healing efficacy and is 
currently used as treatment for cancer and diabetes in photodynamic 
therapy [9,29]. 

ZnO nanoparticles (NPs) are being put to practical use in applications 
aforementioned, i.e., LEDs, solar cells, sensors and photocatalysts [30] 
and have been both experimental and theoretically studied reporting 
different morphologies as well as their electronic, optical, magnetic and 
structural properties. The ZnO NPs adopt different symmetries based on 
the number of atoms conforming the (ZnO)n nanocluster: for small 
clusters, n < 8, ring structures are the most stable conformations 
whereas for medium-size nanoclusters, 9 < n < 48, the preferred con
figurations are hollow motifs as cages and tubes. For bigger clusters, n >
48, specifically (ZnO)60 one, a sodalite-like structure, result of 
self-assembling (ZnO)12 clusters, is the most energetically favourable 
[31–37]. Experimental time-of-flight mass spectroscopy results for ZnO 
NPs show relative abundance of clusters (ZnO)34, (ZnO)60 and (ZnO)78 
being the (ZnO)60 the “magic” number NP due to its higher stability 
[38]. The (ZnO)12 nanocluster has been theoretically evaluated with 

quantum chemistry methods in terms of stability, energy, electronic and 
optical properties and sensory capacity for its pure and for metal and 
non-metal doped structures [39–44,15]. 

Considering the relevance of ZnO based nanoparticles, in spite of the 
collection of available studies and applications and the intrinsic interest 
of a safe by design approach, a whole study comprising and summarizing 
the physicochemical nature and properties of the materials, connected 
with their environmental behaviour (aqueous media) and their biolog
ical effects (toxicology) is still missing. Therefore, we report in this work 
a threefold in silico study (summarized in Fig. 1) with a multiscale ma
terials modelling approach for the analysis and prediction of plain ZnO 
and Mn doped ZnO nanoparticle properties (using quantum chemistry 
methods based on Density Functional Theory, DFT), aqueous solution 
behaviour (via quantum chemistry and classical Molecular Dynamics, 
MD) as well as their interaction with model human proteins and model 
cell membranes (via MD simulations). The objectives of this work are: (i) 
to understand nanoparticle properties, (ii) to infer their possible mech
anism(s) of aggregation, (iii) to study their solvation in aqueous envi
ronment and (iv) to predict their possible toxicological effects. 

2. Methods 

2.1. DFT calculations of nanoparticles 

The initial structures for (ZnO)n nanoparticles (for n = 12, 24, 36, 48, 
60, 72, 84, 96) were built with ABCluster 3.0 software [45], whereas the 
systems containing (ZnO)12 nanoparticles with adsorbed or doped 
molecules (water and DPPC lipid) and atoms (Mn) were built using 
Avogadro program [46]. Self-consistent spin-polarized calculations 
were carried out to optimize the simulated systems for their energy and 
geometry structures with Dmol3 into Biovia Materials Studio software 
according to the Generalized Gradient Approximation (GGA) with the 
PBE functional [47] with DNP (Double Numerical plus polarization 
D-functions including a polarization p-function on all hydrogen atoms) 
basis set and the D3-Grimme’s semiempirical correction [48] for taking 
into account the contribution of the long-range dispersion forces. 

The binding energy, ΔEclean, for clean (ZnO)n nanoparticles was 
calculated as follows: 

ΔEclean = E(ZnO)n
− n⋅EZn − n⋅EO (1)  

where E(ZnO)n
stands for the energy of the optimized nanoparticle, EZn for 

the energy of the Zn atom and EO for the energy of oxygen atom 
calculated at the same theoretical level. The binding energy for the 
nanoparticle doped with one Mn atom (Zn11MnO12) was calculated as 
follows: 

ΔEdopped = EZn11MnO12 − (11⋅EZn) − EMn − (12⋅EO) (2)  

where EZn11MnO12 stands for the energy of the nanoparticle and EZn, 
EMnand EO are the calculated energies of zinc, manganese and oxygen 
atoms respectively. 

The interaction energy for (ZnO)n (n = 24,48,72) nanoparticles built 
from the assembling of (ZnO)12 clusters for different interparticle 
orientation, with a total of 2, 4 or 6 (ZnO)12 building blocks, was 
calculated as follows: 

ΔEassembling = E(ZnO)n
− x⋅E(ZnO)12

(3)  

where E(ZnO)n
stands for the energy of the system formed by x = 2, 4 or 6 

(ZnO)12 nanoparticles and E(ZnO)12 
is the energy of the isolated (ZnO)12 

nanoparticle. Additionally, the binding energy of these systems was 
calculated using the Eq. (1). 

The binding energy for the water molecule, DPPC molecule and Mn 
atom adsorbed onto the (ZnO)12 nanoparticle was calculated in the 
following way: 
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ΔEH2O = E
(ZnO)12/H2O − E(ZnO)12

− EH2O (4)  

ΔEDPPC = E
(ZnO)12/POPC − E(ZnO)12

− EDPPC (5)  

ΔEMn = E
(ZnO)12/Mn − E(ZnO)12

− EMn (6)  

where E(ZnO)12/H2O, E(ZnO)12/Mn and ΔEDPPCare the energies reported for 
the whole systems, E(ZnO)12

is the energy for the (ZnO)12 nanoparticle and 
EH2O, EDPPC and EMn are the energies for the water molecule, DPPC 
molecule and Mn atom, respectively. 

The binding energy for the interaction of one endohedral water 
molecule with the (ZnO)12 nanoparticle was calculated as follows: 

ΔEendoH2O = E
(ZnO)12/endoH2O − 12⋅EZn − 12⋅EO − EH2O (7)  

where E(ZnO)12/endoH2O stands for the energy of the whole system and EZn, 
EO and EH2O are the reported energies for zinc and oxygen atoms and 
water molecule. 

In order to take into account the difference between the formation 
energy for the (ZnO)12 nanoparticle with and without one endohedral 
water molecule (ΔE(ZnO)12endo and ΔEclean, respectively), the endohedral 
water molecule of the previous optimized system was removed and a 
single point energy calculation was carried out with the (ZnO)12 nano
particle to calculate the binding energy for the geometry of the endo
hedral nanoparticle as follows: 

ΔE(ZnO)12endo = E
(ZnO)12/endo − 12⋅EZn − 12⋅EO (8)  

where E(ZnO)12/endo stands for the energy of the (ZnO)12 nanoparticle 
without the water molecule while preserving the geometry of the 
endohedral system andEZn and EO are the reported energies for zinc and 
oxygen atoms. The formation energy for the (ZnO)12 clean nanoparticle 
was calculated via Eq. (1). The difference between those binding en
ergies was calculated as follows: 

ΔE
(ZnO)12endo/clean = ΔE(ZnO)12endo − ΔEclean (9) 

Topological analysis of the optimized geometries for (ZnO)12 and 
Zn11MnO12 nanoparticles were carried out with Multiwfn software [49]. 
This analysis was applied according to the quantum theory of 
atoms-in-molecules (QTAIMs) [50] in which the interaction regions are 
characterized by bond and ring critical points (BCPs and RCPs 

respectively) and their corresponding values of electron density (ρ) and 
Laplacian of electron density (∇2ρ). Further analysis was carried out by 
Non-Covalent Interaction (NCI) to display the strength and nature of 
interatomic and intermolecular interactions. Atomic charges inferred 
from Mulliken charges were obtained from DFT simulations of the 
aforementioned nanoparticles. Properties of the nanoparticles, such as 
Density of States (DOS), Raman and vibrational spectrum, 
HOMO-LUMO, deformation electron density and electrostatic potential 
were calculated with Dmol3 in Biovia Materials Studio. 

2.2. DFT – tight binding simulations 

Density Functional Theory - Tight Binding (DFT-TB) method solves 
the Kohn-Sham equations using Slater-Koster parameters, derived from 
DFT calculations. This methodology has been applied to simulate Ab 
Initio Molecular Dynamics (AIMD) adsorption of different molecules 
onto ZnO, ZnO-modified surfaces NPs [51–53]. Saeedimasine et al. used 
DFTB as the standard method to compute Lennard-Jones parameters for 
developing classical molecular dynamics force fields for ZnO and to 
compare the results of DFTB AIMD and MD simulations [54]. 

Calculations using DFT-TB scheme were used in this work for several 
purposes. This kind of calculations were done with DFBT+ code [55] 
into Biovia Materials Studio using Slater-Koster set from znorg library 
[56]. Tolerance for calculations self-consistency was set to 10− 6. The 
k-points meshes corresponded to a 4 × 4 × 4 distribution. Five families 
of DFT-TB based simulations were carried out: 

(i) unit cell for the crystal structure of ZnO wurzite was obtained 
from MaterialsProject database [57], and reoptimized using DFT-TB, 
leading to lattice constants of a = 3.25 Å and c = 5.21 Å in suitable 
agreement with literature information: 28 DFT – based approaches give 
as average results a = 5.235 Å and c = 5.209 Å [58], thus confirming the 
suitability of DFT-TB for describing ZnO properties. Surfaces were 
created from this crystal structure cleaving through relevant planes 
defined by the corresponding Miller indices, thus the surface energy, 
Esurface, was calculated according to Eq. (8): 

Esurface =

(

Eslab −
Nslab
Nbulk

⋅Ebulk

)

2Aslab
(10)  

where Eslab stands for the energy of relaxed surface slabs, Ebulk is the 

Fig. 1. Scheme of the multiscale materials modelling approach considered in this work.  
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energy of the bulk unit cell, Nslab is the number of the ZnO units in 
surface slab, Nbulk is the number of the ZnO units in the unit cell and Aslab 
is the surface area. From the Esurface value a Wulff model nanoparticle for 
ZnO was built using WulffPack [59]. 

(ii) the removal of Zn atoms from ZnO surfaces was calculated using 
DFT-TB. The corresponding energy barriers were also obtained as the 
difference between the energy of the system with a Zn atom at a distance 
d of the initial, not removed position, and the energy of the corre
sponding unperturbed surface. 

(iii) the adsorption and interaction of liquid water on ZnO surfaces 
was studied by building a 5 × 1 × 1 Å3 supercell from the previously 
optimized structures for each surface and a water layer (density = 1 g 
cm− 3) was placed on top of each. The evolution of the systems was 
studied using ab initio MD simulations (AIMD) with DFT-TB. 50 ps AIMD 
simulations were developed in the NPT ensemble at 308 K and 1 bar 
controlling temperature and pressure with the Nosé–Hoover thermostat 
and Berendsen barostat, respectively. 

(iv) the solvation of (ZnO)12 nanoparticle with water molecules was 
also studied by AIMD DFT-TB simulations by placing a previously built 
(ZnO)12 unit into a cubic simulation box with 20 × 20 × 20 Å3 filled with 
water molecules at a density = 1 g cm− 3. 50 ps AIMD NPT simulations at 
308 K and 1 bar were carried out using the same approach as for water 
interaction with surfaces. 

(v) the interaction of (ZnO)12 nanoparticles with model plasma 
membranes has been calculated through coarse grained MD simulations 
to study its possible biological (toxicological) impact. To this end a 
suitable force field parameterization was developed using DFT-TB cal
culations selecting the DPPC lipid as a model constituent of eukaryotic 
cell membranes. The interaction between this lipid and (ZnO) molecule, 
as the building unit of (ZnO)12 nanoparticle, was characterizied 
considering the structural moieties of the lipid: choline, phosphate, 
glycerol and alkyl chain, modelled as a butane molecule. The interaction 
of the lipid with ZnO was quantified via DFT-TB as a function of their 
separation, and for these results the corresponding force field parame
ters according to the Martini CG force field [60] were obtained, thus, 
allowing the CG-MD study of nanoparticles–plasma membranes 
interaction. 

2.3. All atom classical MD simulations of nanoparticles in water 

Simulations for (ZnO)12 nanoparticles in water solution were carried 
out using Biovia Materials Studio – Forcite according to the COMPASSIII 
forcefield [61]. Initial boxes containing from 1 to 12 (ZnO)12 nano
particles in a 50 × 50 × 50 Å3, also filled with water molecules to density 
1 g cm− 3 were built. NPT simulations for 50 ns, with 1 fs timestep, at 308 
K and 1 bar were carried out considering the Nosé thermostat and 
Berendsen barostat. 

2.4. Coarse grained MD simulations of nanoparticles – plasma 
membranes interactions 

The possible biological effect of (ZnO)12 structures were addressed 
through the study of nanoparticles with model plasma membranes. CG- 
MD simulations were carried out with Mesocite – Biovia Materials Stu
dio using Martini force field parameterization as well as the parameters 
for the nanoparticle–lipid interactions as inferred from DFT-TB calcu
lations explained in the previous section. The involved molecules and 
their CG description is as follows: (i) (ZnO)12 is described as a unit 
formed by twelve (ZnO) molecules; (ii) water molecules are described as 
a four water molecules bead, i.e., each water bead representing four 
water molecules; (iii) DPPC lipid is described as the combination of eight 
beads: one choline bead + one phosphate bead + two glycerol beads +
four alkyl sites, each representing 4 carbon atoms. Coarse grained MD 
simulations with the selected DPPC lipid were performed in the common 
form used to study biomembranes for toxicological purposes [62]. A 
lipid bilayer formed by 63 lipids per leaflet was hydrated with 1000 

water beads, i.e., 4000 water molecules, on each side, thus leading to a 
63:5 water to lipid ratio. Simulations of clean water – lipid bilayer were 
carried out for reference purposes. The interaction of (ZnO)12i, i = 1, 3 or 
6 nanoparticles with the lipid bilayer – water system was studied placing 
them on one side of the bilayer to mimic inner and outer sides of plasma 
membranes. A 1.5, 4.5 and 8.5 wt% content of nanoparticles has been 
swept with this strategy. CG-MD simulations were carried out with a two 
stages procedure: (i) 1 ns NVT set of simulations at 328 K for equili
bration purposes followed by (ii) 1000 ns NPT simulations at 328 K and 
1 bar. The selected temperature is above the phase transition tempera
ture for DPPC bilayers (315 K [63]), thus assuring the bilayer being in 
physiological conditions. Temperature and pressure were controlled 
with Nosé thermostat and Berendsen barostat, respectively, with 1.0 ps 
for coupling constants of the thermostat and barostat along all the 
simulations. Likewise, 20 fs time step was used for all the simulations. 

2.5. Protein docking of nanoparticles 

A set of 102 human proteins, covering different families to infer 
possible mechanisms of interactions, were selected for docking calcu
lations with (ZnO)12, Zn11MnO12, Zn7Mn5O12 and (MnO)12 nano
particles. All the protein structures were obtained from the Protein 
Databank, with the structure for both proteins and nanoparticles, were 
prepared with PlayMolecule - ProteinPrepare: a protein preparation app 
for MD simulations – [64] and Autodock Tools with Gasteiger charges 
considered for all the aforementioned systems. The rigid ligand and rigid 
receptor docking calculations were carried out with Autodock Vina [65] 
using the AutoDock4Zn v1.2.3 implemented force field [66]. 

3. Results and discussion 

3.1. Properties of neat ZnO nanoparticles 

In a first stage of the research, the properties of (ZnO)n nanoparticles 
were calculated as a function of n with n ranging from 1 × 12 to 8 × 12 =
96, Fig. 2a to h. The smallest studied nanoparticle (n = 1 × 12) agrees in 
shape, geometry and properties with results in literature [39], forming 
pseudospherical structure with 8 hexagonal and 6 square faces. This 
nanoparticle has a 2.58 eV HOMO-LUMO gap, which precludes a sem
iconducting behaviour but leading to a band gap lower than e.g. the 
value obtained for (ZnO) wurtzite – like structure that has a 3.37 eV 
band gap [67]. This result is in line with the well-known band gap un
derestimation by GGA - PBE DFT calculations. For correcting this un
derestimation, band gap calculations on (ZnO)12 optimized nanoparticle 
were carried out considering Hubbard method (Ud = 9.5 eV for Zn atoms 
and Up = 7.86 eV for O atoms [68]), that predicts a HOMO-LUMO gap of 
3.98 eV, i.e. and underestimation of 1.4 eV with non-corrected GGA-PBE 
predictions), which is close to the experimental value for ZnO – wurtzite 
structure. As the nanoparticle size increases, structures comprising 
squared, hexagonal and octagonal faces are formed, whereas for n > 5 ×
12 = 60 core – shell structures are formed, see panels f, g and h of Fig. 2. 
For all the considered structures, highly stable nanoparticles are inferred 
as confirmed by the large ΔE values. The evolution of the binding energy 
ΔE with n follows a linear pattern. That is to say, in spite of the very 
different geometries, the particle evolution is characterized by the ag
gregation of building (ZnO) units, Fig. 2i. Nevertheless, a more detailed 
analysis of ΔE as a function of the number of (ZnO) units (n), Fig. 2j, 
indicates that as n grows the contribution of each (ZnO) unit also in
creases (larger ΔE × n− 1) but reaching an asymptotic behaviour towards 
7.3 eV per (ZnO) for n > 60, which corresponds to the starting of forming 
core – shell configurations. Likewise, the evolution of the HOMO-LUMO 
gap with nanoparticle size is reported in Fig. 2k. This shows a non – 
linear decrease approach to an asymptotic value of roughly 1.7 eV again 
for n > 12 × 5 = 60, i.e., the larger the particles, the lower the 
HOMO-LUMO gap but leading to a constant gap value for larger 
nanoparticles. 
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Further analysis of (ZnO)12 nanoparticle properties were carried out 
through the prediction of Raman and vibrational spectra, Fig. 3a and b. 
The Raman spectra of the considered nanoparticle is in suitable agree
ment with experimental ones for 5 nm diameter nanoparticles [69] 
although with peak shifting because of the 0.64 nm diameter for (ZnO)12 
nanoparticles considered in Fig. 3. Korepanov et al. [70] reported a 
Raman width broadening and peak shifting on going to subnanometric 
ZnO nanoparticles but maintaining the main Raman features, thus 
justifying Raman comparison among (ZnO)12 and larger nanometric 
particles. Seven main peaks are inferred from the Raman spectra at 70, 
95, 169, 203, 361, 407 and 630 cm− 1. Experimental literature data for 
(ZnO) nanoparticles [71] indicate six Raman active phonon modes at 
101 (E2(low)), 381 (A1(TO)), 407 (E1(TO)), 437 (E2(high)), 574 
(A1(LO)) and 583 (E(LO)) cm− 1. The 437 cm− 1 corresponding to the 
E2(high) high Raman mode is dominantly assigned to the oxygen 

vibration [65,72], which is typical characteristic of the hexagonal 
wurtzite ZnO and, in addition, the intensity of this peak increases with 
nanoparticle size and also its frequency decreases with nanoparticle size, 
i.e., small nanoparticles as the (ZnO)12 one should present a weaker peak 
at frequencies lower than 437 cm− 1. This behaviour is confirmed by the 
E2(high) obtained for (ZnO)12 nanoparticle at 407 cm− 1, i.e., a 30 cm− 1 

redshifting in comparison with larger nanoparticles. The remaining 
peaks for (ZnO)12 nanoparticle in Fig. 3a appear at different frequencies 
to those reported for larger particles in the literature, confirming the 
different structure for small nanoparticles in comparison with larger 
ones, that are closer to the characteristics of wurtzite – like crystal 
structures. For the vibrational spectrum, four main peaks are inferred, 
corresponding to displacement vectors reported in Fig. 3b. These 
vibrational features correspond to stretching vibrations of Zn – O bond. 

The characterization of (ZnO)12 nanoparticle is reported in Fig. 4. 

Fig. 2. DFT optimized structures of (ZnO)n nanoparticles reporting binding energy, ΔE, HOMO - LUMO gap, H-L gap, surface area, A, and nanoparticle volume, V. 
Atom color code: (red) oxygen, (gray) zinc. 
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The first feature observed in Fig. 4a is the difference between Zn-O bond 
lengths. Bonds in the squared faces of the nanoparticle are 0.09 Å larger 
than those in the hexagonal ones, explaining the different Zn – O vi
brations as reported in Fig. 3b. The significant difference in the extent of 
the angles formed by adjacent bonds, lower for the Zn – O – Zn than for 
the O – Zn – O, leads to non – regular faces with the disruption induced 
by oxygen atoms. The deformation electron density and the corre
sponding Mulliken charges reported in Fig. 4b indicate largely localized 
charge centers with +/- 0.86 charges for Zn / O atoms, showing the 
charge transfer from Zn to O atoms, in agreement with values for very 
small ZnO nanoclusters, e.g. (ZnO)4 [73], and larger nanoparticles [74]. 
Regarding the frontier orbitals, HOMO orbital (Fig. 4c1) has antibond
ing nature, and it is formed by the combination of 2p orbitals from O and 
3d from Zn, with main contribution from O atoms, and thus, it is mainly 
located onto every O atom. The LUMO orbital, Fig. 4c2, is also mainly 
located on O atoms and, although previous results for larger nano
particles indicated that LUMOs for (ZnO) nanoparticles are composed of 
4 s Zn atomic orbitals [69], our results show that they are mainly located 
on O atoms instead of Zn ones. 

The topological analysis of bonding of (ZnO)12 nanoparticle was 
carried out according to Non-Covalent Interactions (NCI) and QTAIM 
and reported in Fig. 4d and e. The NCI analysis shows steric effects 

largely different for squared and for hexagonal faces but all of them with 
face – centered spots, therefore showing very different mechanisms of Zn 
– O bonding depending on the face position. Likewise, the large sym
metry of the particle is confirmed by the development of an NCI (green) 
spot at the nanoparticle center, which confirms interatomic interactions 
beyond those atoms in the same face, thus contributing to the cage 
stabilization. Regarding QTAIM analysis, the properties of the nano
particle are analyzed through the formation of critical points (bond, 
BCP, and ring, RCP) considering the values of the electron density, ρ, and 
the corresponding Laplacian density, ∇2ρ, at these points. Results in 
Fig. 4e show the formation of BCPs along all the Zn – O bonds as well as 
RCPs at the center of squared and hexagonal faces. Nevertheless, the 
properties of BCPs depend on the face type, with larger values for hex
agonal faces, i.e., indicating stronger Zn – O covalent bonds for atoms in 
hexagonal faces, in agreement with shorter bond distances as reported in 
Fig. 4a. Likewise, the large ∇2ρ values point to highly polarized bonds, 
thus resulting in Zn to O charge transfer as quantified by the Mulliken 
charges reported in Fig. 4b. Moreover, the formation of RCPs at the faces 
centers indicates interatomic interaction beyond direct Zn – O covalent 
bonding, thus contributing to the nanoparticle stabilization, but these 
RCPs are stronger for squared centers, leading to more efficient inter
atomic interactions, in agreement with the shape of the interacting 

Fig. 3. DFT calculated Raman and infrared (vibrational) spectra of (ZnO)12 (Fig. 2a) and (Zn11MnO12) nanoparticles The main vibrational modes are indicated in 
panel (b) with the corresponding displacement vectors. Atom color code: (red) oxygen, (gray) zinc, (pink) manganese. 
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regions as inferred from NCI analysis in Fig. 4d. 
Additional analysis of nanoparticle electronic properties was carried 

out through Density of States (DOS) for small (ZnO)12 and larger (ZnO)60 
nanoparticles, Fig. 5. Total DOS show minor changes as nanoparticle 
size increases, the main feature resulting in a decrease in HOMO – LUMO 
gap, as shown in Fig. 2. The main changes upon nanoparticle size in
crease stands on the region above LUMO orbital. This may be justified 
considering the formation of core – shell structure for (ZnO)60 in com
parison with the hollow one for (ZnO)12, which would lead to a more 
efficient overlapping of orbitals giving rise to a more compact orbital 

distribution for the core-shell structure and resulting in a lower sepa
ration between orbitals above the LUMO level. This effect is confirmed 
by the corresponding partial DOS (PDOS), which shows almost negli
gible difference up to HOMO frontier orbital but changes for orbitals 
above LUMO level, especially considering s and p atomic orbitals 
contributions. 

3.2. Growing of neat ZnO nanoparticles though (ZnO)12 aggregation 

The mechanisms of nanoparticle aggregation and its growing was 

Fig. 4. DFT calculated properties of (ZnO)12 nanoparticle: (a) geometrical properties, (b) deformation electron density and Mulliken atomic charges, (c) frontier 
orbitals, (d) NCI analysis and (e) QTAIM analysis. Atom color code: (red) oxygen, (gray) zinc. 

Fig. 5. DFT calculated total and partial density of states for (a) (ZnO)12 (Fig. 2a) and (b) (ZnO)60 (Fig. 2e) nanoparticles.  
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studied considering (ZnO)12 as a model. Results reported in Fig. 6 
consider assembly of 2, 4 and 6 nanoparticles to study possible 
sequential aggregation. For the two-particles case, Fig. 6a, considering 
the presence of two types of faces in the nanoparticle (squared and 
hexagonal), three types of interactions are possible: (i) squared to 
squared, (ii) hexagonal to hexagonal and (iii) squared to hexagonal. The 
three types of interactions lead to the formation of rod – like structures 
with large binding energies, although stronger interactions being 
inferred for hexagonal-hexagonal (-4.7 eV) than for squared-squared 
(-3.6 eV) or squared–hexagonal interactions (-2.9 eV) but confirming 
in all the cases the stabilization through aggregation. The Zn – O new 
bonds upon nanoparticle aggregation are 2.01 – 2.02 Å long, only 
slightly larger than those in the original nanoparticle (Fig. 4a), which 
shows that aggregation mechanism is based on the formation of new 
covalent bonds. It should be remarked that the pairing of (ZnO)12 
leading to the formation of rod – like nanoparticles with n = 24 gives rise 
to a total interaction energy of -168.4 eV, that is almost equal to the 
reported interaction energy for the hollow n = 24 nanoparticle shown in 
Fig. 2b (-168.9 eV). This fact points to the feasibility of the production of 
rod–like nanoparticles through aggregation of (ZnO)12 as a reliable 
mechanism of growing, resulting in nanoparticles with similar energies 

to those of hollow nanoparticles. It should be remarked that the rod – 
like nanoparticles (n = 24) reported in Fig. 6a do not evolve to the 
hollow ones reported in Fig. 2b, which can be justified considering the 
equal energies, i.e., stability, and the possible large energy barriers for 
evolving from the rod – like structures to hollow ones. 

3.3. Growing of neat ZnO nanoparticles: (ZnO)12 aggregation vs. atomic 
aggregation 

Additional growing was studied from the rod – like structures by the 
addition of two new (ZnO)12 nanoparticles at different positions as 
shown in Fig. 6b. These two growing patterns lead to star–shaped and 
zig–zag planar structures with large interparticle interaction energies 
and also large total interactions energies, thus confirming stable struc
tures through aggregation for n = 48. Likewise, the comparison of the 
properties for the particles with n = 48 obtained by aggregation in 
Fig. 6b with those for the hollow compact nanoparticle in Fig. 2d points 
to almost equal total interaction energy (roughly 1.52 eV lower in ab
solute value for those grown from atomic aggregation), thus showing the 
possibility of formation of both nanoparticles. Further growing to n = 72 
through (ZnO)12 addition is displayed in Fig. 6c. Again, structures with 

Fig. 6. DFT results for the self-aggregation of (ZnO)12 nanoparticles (Fig. 2a) considering different mechanisms of aggregation and increasing number of nano
particles. Atom color code: (red) oxygen, (gray) zinc. 

N. Aguilar et al.                                                                                                                                                                                                                                 



Surfaces and Interfaces 46 (2024) 103965

9

less compact shape and different geometry from the one reported in 
Fig. 2f are confirmed, with analogous stabilization effects, being 8 eV 
more stable the core – shell nanoparticle depicted in Fig. 2f. Therefore, 
the growing mechanism via (ZnO)12 aggregation explored in Fig. 6 in
dicates the formation of stable structures with shapes very different to 
those formed via atomic addition (Fig. 2). Final structures ending both 
growing routes have very similar energies, slightly more stable the more 
compact ones, with topologies and geometric properties (surface area 
and nanoparticle volume) also quite similar. As a partial conclusion, it 
can be established the role of (ZnO)12 magic number nanoparticles as 
seed for ZnO nanoparticle growing. 

3.4. Mn adsorption and doping of ZnO nanoparticles 

The modification of (ZnO) nanoparticles with Mn atoms was 
analyzed considering two possible mechanisms using (ZnO)12 as model 
nanoparticle: (i) Mn atoms adsorption on nanoparticle surface and (ii) 
(ZnO)12 substitutional doping with Mn atoms. Results for the adsorption 
of a single Mn atom on (ZnO)12 nanoparticle are reported in Fig. 7. Six 
different initial possible adsorption sites on the nanoparticle surface 
were considered, but after optimization all of them converged to only 
two possible adsorption configurations, with Mn atoms placed and 
bonded above two neighbor atoms from initial hexagonal faces. This 
mechanism of adsorption involves the replacement of an oxygen atom 
from hexagonal faces vertex, thus O moving out of nanoparticle surface, 
being replaced by Mn atoms. In both cases the Mn adsorption leads to a 
large disruption of the nanoparticle geometry, obtaining a non-spherical 
nanoparticle largely disrupted in the Mn adsorption region. In spite of 
the nanoparticle disruption upon Mn adsorption, the calculated 
adsorption energies (1.86 and 1.68 eV) show a favorable adsorption 
process. The Mn – Zn bond lengths are roughly 2.5 Å, whereas the Mn – 
O is roughly 1.7 Å, remarkably shorter than the Zn – O ones (1.9 to 2.0 
Å), thus suggesting stronger covalent bonds in the nanoparticle for Mn 

sites. These strong Mn – Zn (through the formation of two bonds) and 
Mn – O bonds would be the reason of the nanoparticle disruption after 
Mn adsorption. The main changes in the electronic properties of the 
nanoparticle after Mn adsorption result in the decrease of the HONO- 
LUMO gap evolving from 2.58 eV (not Hubbard corrected) to 0.73 or 
0.59 eV, as a result of the changes in DOS (Fig. 7) because of the Mn 
d orbitals (PDOS in Fig. 7). Therefore, the modification of (ZnO)12 
nanoparticles via single atom Mn adsorption is highly favored process 
leading to remarkable changes in nanoparticle properties 

A second type of (ZnO) nanoparticles modification was studied 
through the Mn doping giving rise to nanoparticles with (Zn12-nMnnO12) 
stoichiometry obtained by increasing doping of neat (Zn12O12) nano
particles. Doping in the n = 1–5 range as well as neat (Mn12O12) 
nanoparticles were studied, Fig. 8. First, the comparison of the proper
ties for (Zn12O12) and (Mn12O12) nanoparticles, i.e., properties of neat 
Zn and Mn nanoparticle oxides, show that both nanoparticles have 
similar geometries: hexagonal and squared faces are formed and, in both 
cases, the pseudospherical structure of the nanoparticle is obtained. 
With regard to the stabilization energy related to the formation of the 
nanoparticles and Zn substitution, values for the energy of formation of 
(Mn12O12) nanoparticle is remarkably larger than the same magnitude 
for (Zn12O12). Consistently, the doping of (Zn12O12) with Mn atoms (i.e., 
increasing n in Zn12-nMnnO12) leads to nanoparticle stabilization, 
Fig. 8a, i.e., Mn doping would be a highly favourable process. Likewise, 
although the shapes of both (Zn12O12) and (Mn12O12) are equivalent, 
results in Fig. 8b indicate that neat (Mn12O12) is larger in volume and 
surface than (Zn12O12). Nevertheless, the effect of doping, i.e., 
increasing n on Zn12-nMnnO12 for the size and surface of the nanoparticle 
is clearly non – linear (Fig. 8b) showing subtle and very minor changes 
for n < 5, therefore, the main geometrical properties of the Zn12O12 
nanoparticles are not largely changed upon Mn doping. Regarding the 
atomic charges, Fig. 8c, results confirm very minor changes for Mn 
doping for n < 5, with Zn and O atom charges being independent of Mn 

Fig. 7. DFT structures for the adsorption of a single Mn atom on (ZnO)12 nanoparticles (Fig. 2a) considering six different adsorption sites. Initially considered 
positions are indicated as well as optimized positions as well as calculated Density of States. Atom color code: (red) oxygen, (gray) zinc, (pink) manganese. 
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doping and Mn charges being almost equal to those for Zn (with the 
exception of n = 1). This indicate that metal to oxygen charge transfer is 
not affected by Mn doping. For the case of neat Mn12O12 nanoparticles, 
charges for the metal and oxygen atoms are lower than for Zn12O12, 
Fig. 8c, thus indicating lower trend for charge transfer involving Mn 
atoms, but this effect is only showed in neat Mn12O12 and not present in 
Zn12O12 with Mn doping. The main changes in the Zn12O12 nanoparticle 
properties upon Mn doping appear, as expected, in electronic properties, 
summarized in Fig. 8d. Doping with Mn atoms leads to a decrease of the 
HOMO – LUMO gap, with the value for n = 1 (0.42 eV) analogous to the 
gap obtained for a Zn12MnO12 nanoparticle with a single Mn atom 
adsorbed onto the nanoparticle surface (Fig. 7), that is to say, the sub
stitutional doping and adsorptional doping lead to the same changes in 
electronic properties for the neat nanoparticle. Increasing doping leads 
to minor changes in the gap, even slightly increasing from 0.42 eV for n 
= 1 to 1.00 eV for n = 5, whereas the neat Mn12O12 is a conducting 
material (0.10 eV gap). 

The changes in the frontier orbitals upon doping are also reported in 
Fig. 8d. Results indicate that the main changes are produced in the 
HOMO orbital, with an energy increase of 1.78 eV on going from neat 
Zn12O12 to the substitutionally doped nanoparticle with n = 5 (although 
this effect is also present with a single atom doping for which HOMO 
shifts is 1.83 eV). In contrast, the energy of the LUMO orbital only 
changes 0.24 eV after Mn doping, i.e., the HOMO – LUMO gap closing 
upon Mn doping is produced by HOMO shifting toward larger energies. 
Moreover, the location of HOMO orbitals in the structure also changes 
upon Mn doping: it evolves from Zn12O12 case, where HOMO orbitals are 

placed on O atoms (mainly composed by 2p orbitals of oxygen), to the 
Mn12O12 case where HOMO orbitals are preferentially placed around 
Mn atoms and, consistently, with contributions from these metal atoms. 
Additionally, the contribution of Mn d orbitals to HOMO is confirmed by 
DOS reported in Fig. 8e, where PDOS for these d orbitals is inferred in 
the frontier orbitals region. 

The changes in Raman and vibrational spectral of nanoparticles upon 
Mn doping (n = 1) may be derived from results in Fig. 3. The main 
Raman feature corresponding to E2(high) and assigned to oxygen vi
brations, predicted at 407 cm− 1 for Zn12O12 shifts to 438 cm− 1 for Mn 
doping with n = 1, with a new peak formed at 538 cm− 1, with this last 
peak being typical of Mn doping [75]. 

Additional characterization of Mn doped ZnO nanoparticles was 
carried out for doping with n = 1 because the large changes in nano
particle properties are obtained even for single atom doping, Fig. 9. 
Results in Fig. 9a indicate that Mn – O bonds are roughly 0.1 Å shorter 
than Zn – O ones (Fig. 4), both, for bonds in squared and hexagonal 
faces, i.e., stronger bonds can be presumed for pairs involving Mn than 
for those involving Zn. Additionally, the presence of Mn atoms disrupts 
squared and hexagonal faces, as the O – Mn – O angles in hexagonal faces 
are larger than O – Zn – O ones, i.e., hexagonal faces are widened around 
Mn vertex. These differences in Mn – O and Zn – O covalent bonds are 
also showed for deformation electron densities reported in Figs. 9b and 
3b, where the function around the Mn atoms is disrupted in comparison 
with Zn sites, with this large deformation being more remarkable in the 
electrostatic potential reported in Fig. 9c showing the heterogeneity 
around the Mn site. The disruptive effect of the Mn doping on the 

Fig. 8. DFT calculated properties for (Zn12-n Mnn O12) nanoparticles. Panel (a) shows binding energy, ΔE, and HOMO - LUMO gap, Eg; (b) nanoparticle surface area, 
A, and volume, V; (c) atomic average Mulliken charges, QMULLIKEN; (e) frontier orbitals; (e) total and partial Density of States, DOS. Atom color code: (red) oxygen, 
(gray) zinc, (pink) manganese. 
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topology of electronic distribution is also analysed via NCI and QTAIM 
approaches. NCI results in Fig. 9d shows that the region around the Mn – 
O bond is completely different to the one around Zn – O, Fig. 4d, 
developing a larger steric volume because of the Mn size, with this 
perturbation even extended to the neighbour Zn – O bonds. Likewise, the 
NCI feature at the centre of the box corresponding to van der Waals 
intraparticle interactions is increased upon Mn doping, which would be 
on the roots of the large stabilization energy reported in Fig. 8 added to 
the stronger formed Mn – O covalent bonds. The QTAIM analysis shows 
several relevant results, Fig. 9d, BCPs for Mn – O bonds both for hex
agonal and squared faces show larger ρ and ∇2ρ values, which confirms 
stronger Mn – O bonds in comparison with Zn – O ones, i.e., nanoparticle 
additional stabilization via Mn doping. Likewise, the Mn doping 
weakens the neighbor Zn – O atoms around the Mn doping site, as 
inferred from the lowering of ρ and ∇2ρ, i.e., doping, leading to strong 
Mn – O bonds and Mn to Zn interactions via weakening of neighbor Zn – 
O bonds, which is also manifested in the larger perturbation region 
around Mn doping atom reported in Fig. 9d. Therefore, doping of 
(ZnO)12 nanoparticles with Mn is largely favored and leads to nano
particles with remarkably different electronic properties, even for single 
atom doping, and thus doping or adsorption may be considered as 
effective mechanism for modification of the ZnO – based nanoparticles. 

3.5. ZnO nanoparticles behaviour in aqueous solutions 

To get insight into ZnO nanoparticles behaviour in aqueous solutions 
a threefold study has been performed: in a first stage, the interaction of 
(ZnO)12 nanoparticle with explicit water molecule via DFT was 
considered, in a second one, it was the turn for a specific crystal surface 
and, in the third step, solvation of (ZnO)12 nanoparticles in water was 
scrutinized via molecular dynamics. 

3.5.1. (ZnO)12 nanoparticles interaction with water molecules 
The behaviour of ZnO nanoparticles in water (i.e. solvation and 

solubilization) was analysed taking (ZnO)12 nanoparticle as a model. As 
the solvation and solubilization behaviour of ZnO nanoparticles would 
stand on the nature and strength of nanoparticle–water interactions, in a 
first stage the adsorption of a single water molecule on nanoparticle 
surface was studied, Fig. 11. Six different adsorption sites were consid
ered but all of them led to only two possible configurations with large 
interaction energy, Fig. 11a: (i) adsorption on top of nanoparticle oxy
gen atoms and (ii) adsorption on top of Zn atoms, leading to stronger 
adsorption on Zn sites. NCI analysis of interactions on both sites shows a 
large blue spot in the region between the water hydrogen atom and 
nanoparticle oxygen (indicating hydrogen bonding) and also between 
the water(oxygen) and a Zn atom. In the case of water–nanoparticle 
interaction through nanoparticle oxygen, the very short interatomic 
distance as well as the QTAIM results showing the formation of an 
intermolecular BCP with large ρ and ∇2ρ indicate the development of 
intermolecular hydrogen bonding. Indeed, according to Popelier and 
Koch [76] hydrogen bonds are characterized by BCPs with ρ and ∇2ρ in 
the 0.002–0.035 a.u and 0.024–0.139 a.u. ranges, respectively, with 
larger values corresponding to stronger interactions. The interaction 
reported in Fig. 11a would be even above the hydrogen bonding 
threshold, showing a very strong interaction with partial proton transfer 
from water to the nanoparticle. For the interaction with water through 
the Zn sites, the developed BCP with the reported ρ and ∇2ρ as well as 
the short Zn to water (oxygen) distance also indicate very strong inter
action. Although the Zn – O(water) distance, 2.13 Å, is larger than the Zn 
– O(nanoparticle) bond, 1.9 to 2.0 Å, Fig. 4a, it may be considered as a 
weaker Zn – O covalent bond. Regarding the changes in the nanoparticle 
properties via water molecule adsorption, NCI results in Fig. 11a indi
cate negligible changes with regard to clean nanoparticle, Fig. 4d. 
Changes on nanoparticle electronic properties are quite subtle: the 
adsorption of water molecule leads to minor modifications of the HOMO 

Fig. 9. DFT calculated properties for (Zn11MnO12) nanoparticles. Panel (a) geometrical properties including angles (yellow, deg) and interatomic distances (white, 
Å); (b) deformation electron density; (c) electrostatic potential, (d) NCI analysis; (e) QTAIM analysis. 
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– LUMO gap, evolving from 2.58 eV (non-Hubbard corrected for clean 
nanoparticle) to 2.18 eV upon hydrogen bonding on oxygen atoms, or to 
2.53 eV for interaction through Zn sites. Changes in DOS are also 
negligible upon water adsorption (Figs. 5 and 11b,c). Adjustments in 
water molecule upon adsorption on the nanoparticle surface are as fol
lows: oxygen–hydrogen intramolecular bond distance evolves from 0.96 
to 0.98 Å (to 1.01 Å for the hydrogen atom involved in hydrogen 
bonding with the nanoparticle) and the O–H–O dihedral angle varies 
from 109.5 to 105.1◦. In conclusion, almost negligible changes are 
induced on water molecules even after the reported strong intermolec
ular interaction, maintaining their integrity on the nanoparticle surface. 

A second mechanism of water–nanoparticle interaction was consid
ered through the formation of endohedral water–ZnO nanoparticle 
complexes via the encaging of a water molecule into the cavity. Results 
for the optimized structure of the endohedral complex are reported in 
Fig. 12b and compared with the clean nanoparticle, Fig. 12a. The water 
encaging results in a perturbation of the nanoparticle structure which is 
quantified as a volume expansion of 2.46 Å3 and a increase of accessible 
area (9.63 Å2) also accompanied by a minor elongation of Zn-O nano
particle bonds, Fig. 12a. Likewise, the endohedral complex has a lower 
HOMO-LUMO band gap, although the semiconductor character is 
maintained, with changes in the DOS only produced by orbitals above 
the LUMO one, Fig. 12b. The possible penetration of water molecules 
inside the empty hollow nanoparticle trough squared faces is sterically 
hindered but it is not through hexagonal ones. In spite of this possibility, 
results in Fig. 12c and d indicate a large barrier (11 eV) through the 
hexagonal face, which almost discards the penetration mechanism. 
Endohedral complexes could be formed mostly via encaging of water 
molecules during the formation of (ZnO)12 nanoparticles and this is the 
reason to define Eendo in the way shown in Eq. (7). 

3.5.2. ZnO {1 0 0} surface exposure to water 
Small nanoparticles with diameters lower than 3 nm, Fig. 2, have 

been considered in previous sections. The analysis of larger nano
particles and the development of a more realistic model of their exposed 
surfaces, which will control the majority of their most relevant proper
ties, has been developed following a two steps procedure: (i) the stability 
of ZnO surfaces has been quantified in terms of surface energy and (ii) a 
nanoparticle model using Wulff construction method based on obtained 
Esurface as defined in Eq. (8). 

The unit cell for ZnO bulk crystal wurtzite structure was considered 
as starting point and it was optimized as indicated in Section 2.2 leading 
to unit cell parameters in agreement with literature. To check the effects 
of Mn doping on crystal structure a 10 % atom percentage doping was 
considered and the simulated crystal lead also to a wurtzite like struc
ture with a = 3.30 Å and c = 5.36 Å, which shows a unit cell expansion of 

5.3 % in volume upon doping but with negligible structural changes. The 
optimized unit cell was cleaved along relevant Miller indices and the 
corresponding Esurface were calculated, Fig. 10a. The reported Esurface, in 
the range from 0.80 to 1.09 J m− 2, show low values for the most relevant 
Miller indices, thus indicating high stability in all the cases. As the larger 
nanoparticles may have surfaces with a large variety of Miller indices 
and, consequently, different physicochemical properties, previous Esur

face results have been used as parameters to propose a model of a 
representative cubic nanoparticle. The realistic model of a large nano
particle illustrated in Fig. 10b shows large exposed surfaces with {1 0 2} 
indices in all the faces, whereas regions for {0 0 2} indices correspond to 
surfaces formed at the centre of the faces and minor surfaces at the 
vertices have {1 1 2} indices. 

The effect of the type of surface exposed to water environment was 
studied by considering low index – low surface energy {1 0 0} surface, 
Fig. 10a, as obtained from bulk crystal surface and considering AIMD 
simulations, Fig. 13. In this surface both, Zn and O atoms, are exposed to 
the surface, so interaction with water via the two mechanisms inferred 
from Fig. 11 could be analyzed beyond the initially considered single 
water molecule approach. Results in Fig. 13a show the formation of up 
to four adsorbed water layers on the considered surface, indicating high 
affinity between water molecules and ZnO surface. The Radial Distri
bution Functions (RDFs) reported in Fig. 13b for the interaction between 
O atoms in water and O / Zn atoms in the surface correspond to strong 
interactions and to hydrogen bonding for the case of O(water) – O(ZnO), 
in agreement with DFT results in Fig. 11a. This confirms the two 
adsorption mechanisms via O and Zn atoms on the surface for the water 
liquid phase. The water adsorption on the considered surface is also 
accompanied by water – water hydrogen bonding. This is illustrated in 
Fig. 13b, where O(water) – O(water) RDF shows almost negligible 
changes for the molecules in the adsorbed layers when compared with 
bulk liquid phase. Nevertheless, the water adsorption leads to a decrease 
of water molecules mobility as indicated by the reduction of molecular 
self – diffusion and the changes in Velocity Autocorrelation Function 
(VACF), Fig. 13c, confirming the strong water to surface affinity. 

3.5.3. (ZnO)12 nanoparticles behaviour in aqueous solutions: solvation and 
solubilization 

Further analysis was carried out considering explicit, in contrast with 
surfaces in Fig. 13, (ZnO)12 nanoparticles in water using a double 
approach: AIMD and classical MD simulations, Fig. 14. First, results for 
explicit nanoparticles are in fair agreement between both theoretical 
approaches, Fig. 11, and also with those results considering only 
exposed surfaces, Fig. 13. So, it can be concluded that the behavior of 
nanoparticles in aqueous solution can be inferred from simple surface 
models as those shown in Fig. 13. But also, that so large nanoparticle 

Fig. 10. (a) DFT-TB calculated surface energy, Esurface, for surfaces of ZnO for different Miller indices and (b) Wulff construction for model cubic nanoparticle 
calculated from Esurface values. 
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models as those built after Wulff method using surface properties, 
Fig. 10, would be realistic representations of ZnO nanoparticles prop
erties. Therefore, as the results for (ZnO)12 nanoparticles simulations are 
in fair agreement with larger model particles and surfaces, to model the 
possible aggregation of multiple nanoparticles in water, the (ZnO)12 
nanoparticle was chosen. 

The results in Figs. 13 and 14 could be summarized as: (i) strong 
water–nanoparticle interaction and thus efficient solvation, (ii) water 
molecules interaction with nanoparticles both via Zn and (hydrogen 
bonding) O sites, and (iii) reduction of water molecular mobility but 
with water - water hydrogen bonding being preserved upon adsorption. 
The strong water-nanoparticle interaction is depicted as the high in
tensity peaks reported in the RDFs between the Zn and O atoms of the 
nanoparticles and both the H and the O atoms of the water molecules. 
This high intensity peaks indicate a strong interaction of these two en
tities, leading to the solvation of the nanoparticle. The distances re
ported in the RDFs for the interactions of H and O atoms from water and 
O atoms from ZnO nanoparticle (Hw-OZn 1.50 Å and Ow-OZn 2.75 Å) 
are consistent with the formation of hydrogen bonds between water and 
nanoparticles. The reduction of water molecular mobility is caused by 
formation of adsorbed layers on the exposed surface. The adsorption of 
water molecules, and therefore, their reduced molecular mobility en
hances the interaction between the water molecules, as the first RDF 
peak between oxygen atoms is more intense for the adsorbed molecules 
than for the molecules in the bulk. 

The water–nanoparticle hydrogen bonding is confirmed through 
results in Fig. 15, with analogous results for AIMD and classical MD 
simulations as well as minor changes in water self-association through 
hydrogen bonding upon surface adsorption. This efficient (ZnO)12 
nanoparticle solvation effect in water solutions would hinder nano
particles self-aggregation allowing their solubilization in aqueous 
solutions. 

In spite of the large stabilization of ZnO nanoparticles via efficient 
solvation in aqueous solutions previously shown, the possible release of 
Zn atoms in water was calculated using DFT-TB for the analysis of Zn 
removal barriers from different surfaces. Results in Fig. 16 from main 

exposed surfaces (large nanoparticle model in Fig. 10b) indicate energy 
barriers in the 7.5–9.0 eV range. Thus, very slow Zn solubilization, i.e., 
cation release in aqueous solution from nanoparticles is deduced, sug
gesting long-time stable nanoparticles. These high Zn removal energy 
barriers are in agreement with experimental solubilization studies for 
nanoparticles with sizes in the 40–70 nm range. Their solubilization 
rates are roughly 8 μg L− 1 h− 1, being even slower for smaller nano
particles. These moderate rates lead to dissolved Zn concentration as low 
as 2.2 mg L− 1 (starting from 100 mg L− 1 of nanoparticle, i.e. 2.2 % 
solubilization) after 34 days. Solubilization is almost negligible when 
water phase conditions are modified, using hard water, which gives rise 
to ZnO nanoparticles persisting in the (aqueous) environment [77]. It 
can be concluded that the nanoscopic reason for this persistence are the 
large solubilization barriers reported in Fig. 16. 

3.6. Biological behaviour of nanoparticles 

The possible biological effects of ZnO nanoparticles, specifically the 
toxicological ones in humans, was studied in silico by considering a tow- 
fold approach: (i) nanoparticle interaction with model cell membranes 
and (ii) interaction (docking) of nanoparticle with human proteins. The 
(ZnO)12 nanoparticle was considered as a model since it is well known 
that possible toxicological effects are exacerbated with decreasing 
nanoparticle size. 

In the first approach, plasma cell membranes composed of DPPC 
lipids were considered. The strength of the lipid – nanoparticle inter
action was initially explored with DFT-TB studying interactions with 
different exposed surfaces. Results in Fig. 17a indicate very effective 
lipid – surface interactions, leading to the adsorption of lipid molecules 
on the surfaces with large interaction energies (0.9–1.2 eV range). This 
lipid–surface adsorption should lead to a competing effect between lipid 
– lipid interactions and it may favour nanoparticle penetration into 
DPPC lipid bilayers. Nevertheless, the lipid–surface (nanoparticle) 
interaction energy is lower than the lipid-lipid one, with a calculated 
value of 2.1 eV per lipid pair. A more realistic model was proposed and 
the interaction of (ZnO)12 nanoparticle with DPPC molecule was 

Fig. 11. DFT calculated structures and properties for the adsorption of a single water molecule on the surface of (ZnO)12 nanoparticle (Fig. 2a). Reported properties 
consider water – nanoparticle binding energy, HOMO – LUMO gap, H-L gap, NCI and QTAIM analysis as well as Density of States. Atom color code: (red) oxygen, 
(gray) zinc. 
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calculated taking into account the different possible interaction sites, 
Fig. 17b. The interaction energies for the nanoparticle–lipid are in the 
range of those for surface–lipid, and thus they confirm efficient nano
particle interaction with the lipid. Nevertheless, there is a large het
erogeneity in the values reported in Fig. 17b, with remarkable stronger 
interaction with phosphate and glycerol groups and weaker interactions 
with choline head group and non-polar alkyl chains. The values of 

interactions with choline and alkyl groups are remarkably lower than 
those for lipid – lipid interactions. So, the disruption of lipid bilayers by 
interaction with nanoparticle would be effective only once the nano
particle penetrates into the head groups and we may expect that lipid – 
lipid interactions (mainly through alkyl – alkyl interactions) would not 
be disrupted by nanoparticles in view of the weaker character of inter
action with nanoparticles. 

Fig. 12. (a,b) DFT calculated properties of endohedral water confined inside (ZnO)12 nanoparticle reporting HOMO - LUMO gap, Eg, nanoparticle surface area, A, and 
volume, V, and total and partial Density of States, DOS. The differences between the (ZnO)12 clean nanoparticle and the geometry of the nanoparticle containing the 
water molecule are calculated in terms of the properties presented. Panels (c,d) show the penetration barrier for water molecules inside the nanoparticle cavity 
reporting the water – nanoparticle binding energy, ΔE. 
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The interaction of model (ZnO)12 nanoparticles with plasma cell 
membranes was proposed as a possible Molecular Initiating Event (MIE) 
into an Adverse Outcome Pathway (AOP) concept for possible toxicity 
effects [78,79]. The mechanism of interaction was studied using coarse 
grained MD simulations. A DPPC lipid bilayer was built and put in 
contact with an aqueous phase containing nanoparticles at four different 
concentrations: 0, 1.5, 4.5 and 8.5 wt%. A new force field parameteri
zation, on the Martini CG forcefield framework, was carried out to 
simulate nanoparticle – lipid interactions. As ZnO nanoparticles were 
described as composed of ZnO beads, i.e. (ZnO)12 nanoparticle formed 
by twelve ZnO beads, the interaction of this type of bead with molecular 
moieties resembling those parts of DPPC lipid molecule – choline, 
phosphate, glycerol and alkyl groups – were calculated using DFT-TB 
from which CG forcefield parameters were obtained and used for 
CGMD simulations. The ZnO bead interaction curves with different lipid 
molecular moieties are reported in Fig. 18 in agreement with results in 
Fig. 17, showing stronger interactions with phosphate and glycerol 
moieties as well as strong interactions with water molecules as indicated 
in previous sections for the nanoparticle behaviour in aqueous solutions. 

Results of the CGMD simulations for the systems are reported in 
Fig. 19a and their remaining panels, where several properties of the lipid 
bilayer are considered to infer the possible disruptive or perturbative 
effect of the nanoparticles in aqueous solution. The bilayer in contact 
with neat water phase (0 wt% for nanoparticles) was taken as a refer
ence. As a first key result, (ZnO)12 nanoparticles considered in the 0 to 
8.5 wt% range do not penetrate into the DPPC lipid bilayer for the 
CGMD simulations during a time interval of 1000 ns. As nanoparticles 
wander around the bilayer surface it can be concluded that they are not 
physically bonded moving in and out from the aqueous solution liquid 

layer in contact with the surface. Therefore, according to the simulation 
ZnO nanoparticles would not cross cell membranes, remaining in the 
outer (cell) regions. Nevertheless, the possible perturbative effects were 
initially quantified by determining the bilayer distribution as well as the 
width and surface area per lipid molecule, Fig. 19b and c. Density pro
files reported in Fig. 19b suffer very minor changes for lipid bilayer upon 
increase of nanoparticle concentration. The calculated bilayer width, 
Fig. 19c, evolves from 3.80 nm for 0 wt% concentration (bilayer in 
contact with neat water, in agreement with literature values reporting 
widths in the 3.6 to 3.8 nm range [59,80]) to 3.99 nm for 8.5 wt% 
concentration of ZnO nanoparticles. Likewise, the area per lipid de
creases from 0.70 nm2 for bilayer in contact with clean water (slightly 
larger than literature values in the 0.63 to 0.67 nm2 [59,75]) to 0.68 nm2 

when the bilayer is in contact with 8.5 wt% nanoparticle concentration. 
Both properties evolve in a close to linear way (R2 = 0.98) with 
increasing nanoparticle content. Therefore, exposure to nanoparticles is 
accompanied by a minor expansion along the direction perpendicular to 
the surface along with a contraction in the bilayer plane, which leads to 
a decrease in the interdigitation of lipid alkyl chains from 0.52 (neat 
water) to 0.48 nm (8.5 wt%). Nevertheless, the induced changes by the 
presence of nanoparticles in the aqueous solution in contact with the 
bilayer are very minor and the integrity of the bilayer is preserved for 
the studied nanoparticle concentration range. This negligible effect 
induced by the nanoparticles are compatible with results in Fig. 19b 
which show how ZnO nanoparticles remain on top of the surface of one 
of the bilayer leaflets (outer region of the cell) with increasing nano
particle concentration. The presence of the nanoparticles on top of the 
bilayer leads to inconsequential changes in the arrangements of lipids as 
probed by the reported internal angles of the lipids (Fig. 19d) and the 

Fig. 13. AIMD (DFT-TB) (303 K and 1 bar) results for water liquid layer on top on (ZnO) {1 0 0} surface showing: (a) number density profile of water center-of-mass, 
(b) site – site Radial Distribution Functions for relevant atoms, g(r),and (c) center-of-mass Velocity Autocorrelation Functions, VACF. Result for water molecules are 
reported for water molecules in presence of (ZnO)12 {1 0 0} (labelled as adsorbed) and for neat water phase (i.e. liquid water in absence of the surface, labelled 
as bulk). 
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Fig. 14. Properties for (ZnO)12 nanoparticles (NP) in liquid water as obtained from classical Molecular Dynamics (MD) and AIMD (DFT-TB) simulations at 303 K and 
1 bar. Results show: (a,b) site – site Radial Distribution Functions for relevant atoms, g(r), (c,d) center-of-mass Velocity Autocorrelation Functions, VACF, and (e,f) 
center-of-mass Velocity Distribution Functions. Result for water molecules are reported for water molecules in presence of (ZnO)12 nanoparticles (labelled as 
adsorbed) and for neat water phase (i.e. liquid water in absence of the nanoparticles, labelled as bulk). 
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alkyl chain length (Fig. 19d). 
Despite these slight structural changes in the lipid bilayer, the dy

namic properties of the lipid suffer more remarkable changes upon 
exposure to the ZnO nanoparticles. The in-plane self-diffusion co
efficients reported in Fig. 19f increase in a linear way (R2 = 0.99) 0.61 
10− 11 to 2.06 10− 11 m2 s− 1 (i.e., 3.4 times larger molecular diffusion 
rates) on going from neat to 8.5 wt% solutions. Likewise, as shown in 
Fig. 19g, time constants for the Rotational Correlation Functions of head 
and tail lipid vectors, faster for head than for tail, also increase with 
increasing nanoparticle concentration. To sum up, the CGMD results 
indicate almost negligible changes in DPPC bilayer structure in contact 

with ZnO nanoparticle solution, even for high concentration (8.5 wt%). 
The only noticeable effect being a slight increase of bilayer thickness but 
accompanied by an increase in lipid mobility produced by the presence 
of nanoparticles in the vicinity of the surface region of the upper leaflet. 
Therefore, it is to be expected from the point of view of interactions 
between nanoparticles and cell membranes, that ZnO nanoparticles, 
whose results in previous sections confirmed their integrity in aqueous 
solutions, have minor (toxicological) biological effects for reasonable 
exposure scenarios (cells in contact with nanoparticle solutions with 
concentrations lower than 8.5 wt%). 

For the second approach of in silico (toxicological) biological effects, 

Fig. 15. Average number of Hydrogen Bonds, NHbonds, for the reported molecular pairs for (ZnO)12 nanoparticles (NP) in liquid water as obtained from classical 
Molecular Dynamics (MD) and AIMD (DFT-TB) simulations at 303 K and 1 bar. Results for water molecules are reported for water molecules in presence of (ZnO)12 
nanoparticles (labelled as adsorbed) and for neat water phase (i.e. liquid water in absence of the nanoparticles, labelled as bulk). Values are reported per (ZnO)12 
nanoparticle for water – NP and per water molecule for water – water. 

Fig. 16. DTF-TB calculated energy barriers, ΔE, for the removal of Zn atoms from ZnO surfaces, with indicated Miller indices with distance to the surface, d.  
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docking studies of (ZnO)12 nanoparticles on a set of selected human 
proteins of different families (functions) were carried out. The proteins 
were selected considering several possible targets for the nanoparticles. 
The affinity of the nanoparticles for the active sites of each protein was 
quantified in terms of binding energies and discussed as an additional 
indicator of possible toxicological effects. 

Further information about the interaction of the considered nano
particles with biological targets was obtained from docking studies of 
neat (ZnO)12 nanoparticles, as well as for Mn-dopped ones (Zn11MnO12 
and Zn7Mn5O12 were taken as representatives). (MnO)12 was selected as 
well. In this study 102 human proteins belonging to 25 different families 
were chosen (Table S1, Supplementary Information). Different 
nanoparticle-protein configurations were ordered according to their 
binding energies. The resulting 9 first configurations for each nano
particle – protein interaction was considered and their binding energies 
were averaged leading to the value of Ebinding reported in Table S1, 
Supplementary Information. Results were summarized in Fig. 20a. First, 
Ebinding ranges from − 9.7 to − 5.0 kcal mol− 1, which correspond to 
moderate nanoparticle–protein interaction, in other words the effect of 
protein disruption through efficient coupling of nanoparticle(s) into the 
protein active sites is rather weak. Second, results in Fig. 20a do not 
show remarkable difference between the type of nanoparticles for a 
fixed type of protein, in fact, the standard deviation considering the 
effect of nanoparticle is 0.2 kcal mol− 1, which points to analogous effect 
(s) for the four considered nanoparticles. 

Fig. 20b depicts the frequency distribution of each nanoparticle 
exhibiting the highest binding energy to a fixed protein. The results 

indicates that the presence of Mn atoms in the nanoparticle promotes a 
stronger interaction with the protein, implying that Mn-doped nano
particles may exhibit a potentially more toxic behaviour. However, it is 
important to note that the energy values for the Mn-doped nanoparticles 
are closely comparable to those of the other nanoparticles considered as 
mention before. 

Third, there is not a specific effect on the type of protein, with the 
nanoparticles showing similar Ebinding ranges for all the protein families, 
i.e., all the nanoparticles interact with the similar strength with the 
considered 25 families of proteins without preferred interaction. This 
effect, show that the considered nanoparticles may interact moderately 
with the large diversity of considered proteins. This should lead to some 
caution as a diversity of biological effects could be produced although 
the Ebinding ranges indicate that in all the cases these effects would be 
moderate leading to minor biological disruption. Additionally, the 
possibility of having some kind of effect considering the nanoparticle 
type was analysed through classification using coarse gaussian Support 
Vector Machine (SVM) learning (the best inferred option). Results in 
Fig. 20b show poor classification, with True Positive Rates (TPR) in the 
18–22 % range, i.e., there is not a well-defined nanoparticle effect on the 
inferred Ebinding, which may be justified considering the moderate 
strength of the interactions and the similar effects for all the nano
particles in all the protein families, i.e. moderate although varied 
(toxicological) biological effect. 

Fig. 17. DFT calculated interaction energy, ΔE, of DPPC molecule with (a) ZnO surfaces as indicated by the corresponding Miller indices and (b,c) with (ZnO)12 
nanoparticle for the corresponding sites in DPPC molecule. 
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4. Conclusions 

The behaviour of Zinc Oxide nanoparticles, pure and Manganese 
doped, was studied using a multiscale modelling simulation. The prop
erties of nanoparticles were inferred from first principles simulations in 
terms of particle size and shape. The binding energy has a linear 
response to the increase of (ZnO) units and the HOMO-LUMO gap de
creases as the NPs size increases. The mechanism of nanoparticle 
growing via aggregation from small nanoparticle seeds is confirmed as 
the formation energy for larger NPs obtained are in good agreement with 
the interaction energy reported for hollow NPs. Efficient adsorption (ΔE 
= -1.7 and ΔE = -1.9 eV) and doping (ΔE = -84.3 eV for Zn11MnO12 to 
ΔE = -95.2 eV for Zn7Mn5O12) with Mn atoms were inferred leading to a 
large modification of nanoparticle electronic properties. The behaviour 
of nanoparticles in aqueous solutions was studied showing efficient 
solvation based on the adsorption energy for water molecules reported 
with DFT (ΔE = -0.4 and ΔE = -0.7 eV) and the adsorption of water 
molecules up to four layers on the {1 0 0} ZnO surface. The hydrogen 
bond network developed between H and O atoms from water molecules 
and O atoms from ZnO NP supports the efficient solvation conclusion. 
The very minor solubilization of ZnO NP, with energy barriers raging 
from 7.5 to 9.0 eV for the removal of Zn atom from different ZnO sur
faces, leads to stable nanoparticles in aqueous solutions. The in-silico 
studies for the interaction with model cell membranes and human pro
teins showed minor disruption of these biological structures. The ZnO 
NP do not cross the bilayer as the preferred interaction site for the NP are 
O atoms located on the head groups of the DPPC lipids (ΔE = -3.1 eV) 
whilst the interaction with the lipid hydrocarbon chains is quite weaker 
(ΔE = -0.3 eV). The affinity energies for the ZnO and Mn doped NPs 
range from -5.0 to -9.8 kcal/mol for all the human proteins considered. 
These results point to stable nanoparticles in aqueous solutions in con
tact with cells but with low toxicological effects for reasonable con
centration of nanoparticles which may be produced after human and 

environmental exposure to products containing these nanomaterials. 
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Table S1 (nanoparticle – proteins docking results). 
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Fig. 19. Results of Coarse Grained MD simulations at 328 K and 1 bar for the interaction of (ZnO)12 nanoparticles in aqueous solution at different concentrations (wt 
%) in contact with a DPPC lipid bilayer. Panel (a) indicates simulation set up as well as molecules arranged in beads for Coarse Graining. Panels: (b) distribution of 
choline bead (Ch, continuous lines) and (ZnO) beads (NP, dashed lines) in the direction perpendicular to the bilayer; (c) lipid bilayer thickness, h, and area per lipid, 
ADPPC; (d) distribution of the reported angles in DPPC molecule; (e) distribution of the reported DPPC chain length; (f) DPPC lateral diffusion, Dxy; (g) short, τ1, and 
long, τ2, constants form the fit of Rotational Correlation function of the reported vectors to a two exponential decay function. 
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