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PREFACE

The insertion of new and enhanced materials based on materials belonging to
the Nano scale in the day-by-day has growth up in a silent way. In part, a number of
works in the nanotechnology stemming of theoretical research using Density Functional
Theory (DFT) and sophisticated simulation methods; another part is associated to the
protected technologies associated to the military and patented nanomaterial and its
process. In this sense, open access to recent aspects on the nanostructures application
and properties can be reached in this book. Here, an interesting set of chapters gives
opportunity of access texts that reach process and processing of nanostructures,
applications of nanotechnology, advanced techniques to theoretical development. A broad
set of nanostructures are here covered such as, nanocrystal, superficial nanograins, inner
microstructures with nanograins, nanoaggregates, nanoshells, nanotubes, nanoflowers,
nanoroad, nanosheets, Also, reveals new investigations areas as grainboundary of
nanograins in ceramics and metals. A great number of software has been used as a tool
of development of Science and Technologies for nanotechnology COMSOL Multiphysics
5.2. Phenomena and properties has been investigated by recent or classical techniques
of materials characterization as Localized Surface Plasmon Resonance (LSPR), X-ray
photoelectron spectroscopy (XPS), Field Emission Gun Scanning Electron Microscopy
(FEG-SEM) with Energy Dispersive Spectroscopy (EDS), Raman Scattering Spectroscopy
(RSS), X ray diffraction (XRD),%Fe Mossbauer spectroscopy, UV-vis spectroscopy,
dynamic light scattering (DLS), Atomic Force Microscopy (AFM), and Field Emission
Gun Scanning Electron Microscopy (FEG-SEM). In this sense, collections of spectra
from Mossbauer spectroscopy, UV-vis spectroscopy and Infrared spectroscopy can be
found. As a matter of fact, some chapter’s item can be seemed as specific protocols for
synthesis, preparations and measurements in the nanotechnology.

| hope you enjoy your reading.

Prof. Dr. Marcos Augusto Lima Nobre
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CHAPTER 3

AB-INITIO STUDY OF ELECTRONIC AND MAGNETIC
PROPERTIES OF ZnO NANOCRYSTALS CAPPED WITH

Data de submisséao: 07/04/2021
Data de aceite: 29/04/2021

Aline L. Schoenhalz

Federal University of Santa Maria
Physics Department

Santa Maria - RS
http://lattes.cnpq.br/2996035802901172

Paulo Piquini

Federal University of Santa Maria
Physics Department

Santa Maria - RS
http://lattes.cnpq.br/4496249071363237

ABSTRACT: Unexpected ferromagnetic
ordering in nonmagnetic metal oxide
nanostructures, such as ZnO nanoparticles,
has been attributed to several controversial
origins. The experimental determination of the
ZnO nanoparticle properties is difficult by the
diminutive and the possible conformational,
and chemical complexity of the systems.
Systematic reliable theoretical studies using
first principles density functional theory
calculations have been applied to study the
structural, electronic, energetic and magnetic
properties of ZnO nanocrystals both pristine
and bonded to thiol, amine and TOPO organic
ligands. Our results show that the capping
of ZnO nanocrystals by different organic

The Great World of Nanotechnology Vol I

ORGANIC MOLECULES

molecules induces electronic and structural
transformations that directly affect their
magnetic behavior. It is shown that structural
distortions resulting from the interactions
between the organic molecules and the
surface layers is one of the main factors to
reducing the total magnetic moment of the
capped ZnO nanoparticles.
KEYWORDS: ZnO nanocrystals.
Nanostructures surface.

DFT.

1INTRODUCTION

Nanostructures surface chemistry is
a very rich an ample field of research, where
semiconductor and metallic quantum dots
have a prominent position. Most of these
systems have their sizes reduced to few
nanometers, i.e., the same order or smaller
than the bulk exciton Bohr radius. At this scale,
quantum confinement and surface effects
are significant and the electronic and optical
properties will deviate considerably from those
of their bulk counterparts.

The surface of these nanomaterials
presents, in general, many different structural
patterns. The surface atoms are usually
undercoordinated and chemically different

from those at the core. These dangling bonds

Chapter 3
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can promote a structural disorder at nanostructures surface as well as originate trapping
charge states within their energy bandgap (AZPIROZ et al., 2015; SINGLA et al.,, 2009;
GUGLIERI et al.,, 2012) Possibilities to remediate this issue involve the incorporation
of inorganic shells, such as CdSe, CdTe and ZnS (WANG et al., 2010; KIM et al.,, 20083;
TALAPIN et al., 2001), or attaching organic molecules on the surface of the nanoparticle
(HINES et al., 2014).

In fact, nanoparticle surfaces are, in general, very complex, presenting unbonded
orbitals, reconstructions, intrinsic defects and impurities, and bonds to ligands (TSUI et
al., 2016; VOZNYY, 2011). Unpaired electrons at the nanoparticle surfaces lead to highly
reactive and energetically unfavorable sites. The passivation with organic ligands (also
referred to as surfactants or capping agents) is of particular interest since this is a
common method used to stabilize nanoparticle’s surface, control the growth of some of
their facets and modulate their optical properties (SINGLA et al., 2009; CHEN et al., 2016;
NOH et al.,, 2019; GAO et al.,, 2019). The control of size, structure, and composition of
nanoparticle surfaces can, in this sense, be explored to tune the material properties in
order to have specific functionalities. Therefore, a suitable choice of the organic capping
agents is crucial.

In case of semiconductors quantum dots and nanocrystals, such as CdSe, ZnS,
ZnO among others, surfactants from the families of thiol, amine or phosphine are often
used. The physical properties of the resulting nanonoparticle (nanocrystal+capping
agent) will differ, depending on the choice of the adsorbed surfactant.

The magnetic response of organic-capped oxide-nanostructures is strongly
dependent on the preparation conditions. For instance, capped ZnO nanoparticles are
reported to have room temperature (RT) ferromagnetism in some experiments (GARCIA
et al, 2007; GHOUL et al,, 2020; BOUOUDINA, 2017; SAMANTA et al,, 2018), while in
others no ferromagnetism was detected (KITTILSTVED, et al., 2005). These controversial
results show that even small structural/electronic variations can give rise to remarkable
modifications in the magnetic properties of these materials.

The use of thiol molecules as capping agents is seen to enhance the optical
properties of core-shell CdSe/ZnS QDs (ZHU et al., 2014). Further, the fluorescence
quantum yields of CdSe and CdTe nanocrystals is observed to be greatly influenced by
the capping of their surfaces with thiol molecules (WUISTER et al., 2004).

The TOPO molecule is known to weakly bind semiconductor surfaces like CdSe
(KOPPING et al., 2008). This makes this capping agent very useful in processes where a
previously QD+TOPO film is photobleached with UV irradiation under patterned masks, in
order to obtain QD nets in a QD+TOPO film (PARK et al., 2011).

The Great World of Nanotechnology Vol I



Actually, considerable advances have been made regarding quantum confinement
effects in semiconducting nanostructures, but a precise description of phenomena taking
place at these surface is still missing (HINES et al., 2014; YU et al., 2006; KUZNETSOV et
al,, 2014; SPERLING et al., 2010; KANGOA et al., 2013). Despite the importance of surface
morphology and chemistry to the electronic and optical properties, much has to be known
about the atomistic description of the passivation of semiconducting nanoparticles.

One case to be highlighted is the pristine ZnO nanoparticles. When the surface
of this nanoparticle is passivated with amine, thiol and TOPO, different intensities of the
magnetic response are observed. It is suggested that the surface rearrangement and the
different passivation are the main influences to the detected magnetic behavior. In this
work we explore, via first-principles simulations, the effects of the organic ligands such as
thiol, amine and TOPO groups in the physical properties of ZnO nanocrystals, specially the
trends in the structural, electronic and magnetic properties. Our results show that thiol and
amine ligands have similar bonding properties. The TOPO ligands, on the other hand, are
weakly bond and promote greater structural disorder on the ZnO surface layers. It is shown
that the total magnetization will be critically dependent on the amount of passivation of the

reactive sites, and on the resulting structural distortions at the ZnO surface layers.

2 COMPUTATIONAL METHODS

All calculations are performed using Density Functional Theory (DFT)
(HOHENBERG et al., 1964) as implemented in the Vienna Ab-initio Package (VASP)
(KRESSE et al., 1996). The Bloch functions are represented through the projected
augmented wave method (PAW) (BLOCHL, 1994), with a plane-wave cutoff of 400 eV. The
Perdew-Burke-Ernzerhof (PBE) (PERDEW et al., 1997) version of the generalized gradient
approximation (GGA) was used to describe the exchange-correlation interactions. The
GGA/PBE approach to DFT has been shown to correctly describe the adsorption of
adatoms and molecules in nanostructures’ surfaces (TANG et al., 2015; YU et al.,, 2015;
CHABAN et al., 2013; BHATTACHARYA et al.,, 2008). Before the evaluation of physical
properties, all structures were geometrically relaxed until the force components converge
below 25 meV/A. An additional single-point total energy calculation was done using the
optimized structures and the PBEO (ADAMO et al., 1999) hybrid functional in order to
improve the electronic description of the systems. Repeated structures are separated by
vacuum layers of at least 7 A to avoid interactions between neighboring images.

The ZnO nanoparticle consists of a spherical cut of a zinc blende ZnO bulk, with

a diameter of ~ 0.9 nm, having a Zn atom at its center, as represented in Fig. 1(a). The
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bulk-like local geometry is maintained after structural optimization, although some small
changes in bond angles can occur. This system, like other nanostructured semiconducting
oxides, presents a magnetization without magnetic impurities (OSORIO-GUILLEN et al.,
2006; SCHOENHALZ et al,, 2009; PODILA, et al., 2010). This “crude” model has many

broken bonds and consequently, reactive sites at its surface.

3 RESULTS AND DISCUSSION

The modelling of organic ligands on nanoparticle surfaces is a complicated subject
due to the structural complexity and the several possible binding sites and geometries. The
most probable reactive sites for the attachment of organic ligands on the ZnO nanoparticle
surface were found through the calculation of the electrophilic and nucleophilic Fukui
functions associated with this system (PARR et al., 1989; ALLISON et al., 2013).

The electrophilic sites, which are prone to receive electrons, are identified by the
charge density difference between the negatively charged and the neutral systems, i.e.,
f.= Do, = Py - Pyoy The nucleophilic sites, which are prone to donate electrons, are
obtained through the charge density difference between the neutral and the positively

charged systems, ie., f = Ap = p In the calculation of the Fukui functions, f,

a0 ~ Patter
and f, the charge densities of the charged systems are obtained using the equilibrium
geometries of the respective neutral systems. The electrophilic and nucleophilic sites of
the pristine ZnO nanoparticle are shown in Fig. 1(b), and Fig. 1(c), respectively. From the
analysis of Fig. 1(b) and (c), it is possible to conclude that the surface has six expressive
amphoteric symmetric sites, located on the Zn atoms at the six corners of the octahedral
ZnO nanoparticle. Thus, these six amphoteric sites will be considered as the preferable
ones for the adsorption of organic ligands.

Figa: (a) ZnO nanocrystal model with 0.9 nm of diameter. The gray and red spheres represent the zinc and oxygen
atoms, respectively. (b) Isosurface identifying the electrophilic f, and (c) the nucleophilic f sites of the ZnO nanocrystal.
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The thiol, amine, and phosphine groups are among the most common organic
molecules used to cap semiconductor nanostructures, as ZnO nanocrystals (NCs)
(GARCIA et al, 2007; VOZNYY, 2011). Representative molecules of these groups
are dodecanethiol (CH,S), dodecylamine (C,H,N) and trioctylphosphine (TOPO
(OP(C,H,),).

8 17

12H27

31 ORGANIC MOLECULES: THIOL, AMINE AND TOPO

In Fig. 2 (a), (b), and (c) the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals are shown for each of these molecules. It can be observed
that these frontier orbitals are located close to S, N and O atoms, respectively. These are
the most probable regions to exchange electrons when these molecules act as functional
agents. In order to reduce the computational efforts, the size of the hydrocarbon chains
considered in the representative molecules has been reduced. The new representation
of these molecules, now called simply as thiol (pentanethiol, CsH128), amine (ethanamine,
C,H.N), and TOPO (OP(C,H,),) as well as their respective frontier orbitals, are shown in
Fig. 2(d), (e) and (f).

Fig.2: Structural model and the respective localization of HOMO and LUMO of representatives molecules of (a,d)

thiol, (b,e) amine and (c,f) phosphine groups. The yellow, light blue, light purple, red, brown and light pink represents
S, N, P, O, C and H atoms, respectively.
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From Fig. 2 it is seen that, for the three considered molecules, the HOMO is more
localized than the respective LUMO. Further, it is clear that the frontier orbitals are very
similar to those for the molecules with longer hydrocarbon chains. This allows us to
develop the investigation of ZnO NCs capped with thiol, amine and TOPO molecules while
keeping the computational effort at a minimum.

3.2 STRUCTURAL PROPERTIES AND ENERGETICS

The results will be presented according to the number of ligands adsorbed on the
ZnO NC. The studied models have one, two or six organic ligands, which will be connected
to the reactive corners of the NC, as shown in Fig. 3. This allows to single-out the effects
of the different number of ligands in the NC properties. Since all the reactive sites at the
corners of the NC are symmetrically equivalent, the case of one adsorbed organic ligand
implies in only one structural possibility. This is also true for the case of six adsorbed
ligands, i.e., when there will be a ligand bonded to each reactive site in the NC. For two
adsorbed ligands, there will be two non-equivalent structural possibilities: () when the
ligands are bond to opposite sites, and (i) when the ligands are at neighboring reactive

sites in the NC. In this study, only the case (i) is considered.

Fig. 3: Representation of optimized ZnO NC capped with thiol, amine and TOPO molecules adsorbed in one, two
or six amphoteric sites.
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Fig. 4 presents the Zn-O bond length as a function of its distance from the center
of ZnO NC. In the first column, it is possible to observe the behavior of the Zn-O bond
length of the pristine NC with 35 atoms, i.e., without adsorbed molecules at its surface. It is
clear from Fig. 4 that the NC has four crystalline Zn-O layers. Compared to the calculated
zinc blende ZnO bulk (green dashed line), this NC has a small deviation (~ +0.05 A) of its
degenerated bond lengths at the two inner layers, while the bond lengths at the surface
(the two outer layers) are very similar to those of the bulk (1.97 A, PBE).

Fig. 4: Zn-O bond length as a function of the distance from the center of ZnO nanocrystal. The inset schemes

represent ZnO NC (pale red sphere) with the different number of adsorbed thiol, amine and TOPO molecules
(yellow, blue and violet rods, respectively).
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The first, second, and third rows represent the cases for thiol, amine and TOPO
ligands, respectively. As expected, ZnO nanocrystal presents structural changes when
molecules are adsorbed at its surface. The bond length variation within a layer reveals
structural disorder and a break of the NC symmetry. The higher the variation the greater
the distortion in the NC crystallinity induced by the adsorbed molecule. A common
observation of the bond lengths is that, for all cases, greater values are observed in
inner layers of the nanocrystal and shorter ones at the surface, regardless the adsorbed
molecule or the number of capped sites. The Zn-O bond lengths suffer higher deviations
(--017 Ato - +0.23 A), as compared to the pristine ZnO NC. The Zn atom bonded to the
organic molecule is pulled outward, compared to the pristine case, reaching distances
circa 4.5 A. This can also be identified through the angle O-Zn-O of this specific Zn atom.
In the pristine case this angle is 130.1°, decreasing to 102.0°, 100.9°, and 124.5° when single

molecules of thiol, amine and TOPO are adsorbed, respectively.



The second column in Fig. 4 represents the case of just one adsorbed molecule,
and clearly shows that there is a more pronounced perturbation in the case of the
TOPO molecule, where a Zn-O bond length variation is observed for all NC layers.
For the cases where one thiol or one amine molecule is adsorbed, this perturbation
is restricted to the external (or surface) layers, while the bond lengths in the internal
layers remain degenerate.

In case of two TOPO adsorbed molecules, it is possible to observe a large
structural deformation of the external layers, since it is not possible to clearly identify
the crystalline pattern (layers of bonds), as shown in Fig. 3 and Fig. 4. When two thiol or
amine molecules are adsorbed at NC, well defined layers can still be observed, although
the dispersion in the bond lengths is greater than in the case of one adsorbed molecule.
This loss of degeneracy is more pronounced in the external bonds, distant 2.5 A or more
from the NC center, reflecting the fact that the adsorbed molecules will perturb largely
the atoms at the NC surface than those at the core.

When six molecules of thiol or amine are adsorbed to NC surface, i.e., when all
the amphoteric sites are passivated, the symmetry of the system is partially recovered,
presenting a less disturbed set of bond lengths in the surface. Furthermore, there are
well defined layers of bonds, indicating a crystalline-like distribution, what can also be
perceived in the structures of Fig. 3. In these cases, the external layer has bond lengths
close to the bulk. For the case of the adsorption of six TOPO molecules, the crystalline
symmetry is only partially recovered, having clearly defined layers, but presenting a
variation of Zn-O bond lengths within each layer.

The distinct behavior of systems NC+TOPO is related to the different structural
arrangement of this molecule: the thiol and amine molecules have a linear radical chain,
while the TOPO presents a ramification in three linear radical chains. Since these chains
have an umbrella-like conformation around the nanoparticle, their interaction with the NC
will produce larger structural changes than thiol or amine molecules.

The adsorption energies (E_,) presented in Table | are obtained for the charge-
neutral nanostructured systems with one, two and six molecules adsorbed at the

amphoteric sites. The E_  are defined as:

E

ads

=E

ZnO+nX

E

Zn0O

-E

nX

where E is the

nomyx 18 the total energy of the ZnO NC with n adsorbed molecules, E

ZnO
total energy of pristine ZnO NC, and E_ is the total energy of nX molecules (X = thiol,

amine or TOPO).
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Table I: Adsorption energy (E,,), charge transfer (C,) and bond length average (d) for the ZnO+nX systems (X= thiol,

amine or TOPO molecules). A positive C, value indicates an electron transfer from the adsorbed molecules to ZnO NC.

0,
Bt % of Icapped Exsd mo}ecule Cr @ d(A)
i sites (eV)

ZnO + 1 thiol 16 -3.20 -0.475 2.17
ZnO + 2 thiol 33 322 -0.934 2.17
ZnO + 6 thiol 100 316 -2.678 2.17
ZnO + 1 amine 16 -230 -0.555 1.86
ZnO + 2 amine 33 -2.29 -1.094 1.86
ZnO + 6 amine 100 223 -3.175 1.86
Zn0+1TOPO 16 -197 0.125 1.97
ZnO +2TOPO 33 -1.63 0.208 1.99
Zn0 +6 TOPO 100 -0.93 0.183 2.04

The charge transfer C, was calculated as the difference between the total charge
of the nanoparticle with and without adsorbed molecules. The charge associated with
each atom was obtained through the Bader charge analysis (HENKELMAN et al., 2006).
Although the calculated charge transfer values can not to be directly compared with the
experimental findings, they can give valuable information about the interactions between
the NC and the thiol, amine, and TOPO molecules, as a function of the type and number
of adsorbed molecules.

For one adsorbed thiol molecule (16% coverage of the amphoteric sites) the as-
formed S-Zn bond lengthis 2.17 A, which is lower than in the ZnS bulk (2.34 A) (MADELUNG
et al, 1982). For this case, the adsorption energy is -3.20 eV and the charge transfer
from the ZnO nanoparticle to the thiol is 0.475 e (Table 1). It is observed that, although
being the ligand with the highest binding energy, the thiol molecule itself does not present
severe structural changes. However, its adsorption can induce structural deformations
at the surface and the inner structure of the nanoparticle. The same analysis is valid for
the amine, with a N-Zn bond length of 1.86 A. The adsorption energy of a single amine
molecule is -2.30 eV, with a charge transfer of 0.555 e from the ZnO NP to the molecule.
Although the larger bond length of S-Zn, as compared to N-Zn, the adsorption energies
reveals a stronger interaction between the thiol molecule and the ZnO NC. The O-Zn
bond distance is 1.97 A, and the adsorption energy is -1.97 eV, with the TOPO being the
weakly bonded molecule among those studied here. This is in agreement with previous
results that showed that thiol has the strongest bond to semiconductor nanoparticles,

with amine having intermediate values, and TOPO the weakest one (SPERLING et al.,
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2010). This behavior is also valid for the charge transfer amount, being smaller for TOPO
as compared to thiol and amine. It is observed from Table | that while thiol and amine
act as electron acceptors, the TOPO molecule behaves as an electron donor. Previous
studies suggest that, for low concentrations of TOPO in toluene, these molecules could
behave as a Lewis base toward the semiconductor surface (LORENZ et al.,, 1998) which
would explain the positive C, values in Table |. When the number of adsorbed molecules
at the surface increases, the adsorption energy per molecule decreases.

Considering the thiol, amine, and TOPO molecules interacting with the ZnO NC,
it can be seen that the number if dangling bonds is one at the S atom, two at the N
atom, and none at O. For each bond formed between the S or the N atoms and the ZnO
NC, approximately half an electron will be transferred from the NC to thiol and amine
molecules, respectively. These transferred charges will participate in (partially ionic) S-Zn
and N-Zn bonds. This S-Zn chemical bond will saturate the S dangling bond. However, the
N atom at the amine will remain with an unbounded electron. It will result in a net magnetic
moment at the N atom. The O atom at the TOPO molecule, on the other hand, has no
electrons to be shared, and the TOPO molecule is seen to donate electrons to ZnO NC, in
agreement with the experimentally observed behavior (LORENZ et al., 1998).

3.3 ELECTRONIC PROPERTIES AND MAGNETIC PROPERTIES

The density of states (DOS) for the pristine nanocrystal is exhibited in Fig. 5,
and can be considered as a reference for the cases where the interaction with external
molecules is taken into account.

Fig. 5: Density of states (DOS, black line) of a pristine ZnO NC, obtained by a Gaussian convolution of o = 0.01 eV

of the individual energy levels (gray lines). The inset presents the structure with the correspondent plot of the spin
density (Ap = p? - p) isosurface in orange.

FDOS (arb. units)
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Fig. 6 and Fig. 7 show that the capping of the NC with any number of thiol and
amine molecules results in energy levels close to the chemical potential, with contributions
coming from both NC surface and adsorbed molecules. When the NC is capped with thiol
molecules, the unpaired spin polarized electrons come from the NC, with no contribution
from the molecule levels. On the other hand, for amine capped NCs, the spin polarized
levels have contributions from both NC surface and the amine molecules.

Fig. 6: Density of states (DOS, black line) of ZnO NC, obtained by a Gaussian convolution of o = 0.01 eV of the
individual energy levels (gray lines), with (a) one, (b) two, and (c) six amphoteric sites functionalized by thiol

molecules. The yellow lines are the PDOS on the thiol molecule(s). The right panels present structures with the
correspondent plot of the spin density (Ap) isosurface in orange.
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Fig. 7: Density of states (DOS, black line) of ZnO NC, obtained by a Gaussian convolution of o = 0.01 eV of the
individual energy levels (gray lines), with (a) one, (b) two, and (c) six amphoteric sites functionalized by amine
molecules. The pale blue lines are the PDOS on the amine molecule(s). The right panels present structures with the
correspondent plot of the spin density (Ap) isosurface in orange.
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The PDOS at Fig. 8 shows that, contrarily to thiol and amine cases, the capping
with TOPO molecules leads to levels close the chemical potential coming only from
the NC, with the TOPO energy levels appearing deeper in energy. These results are in
agreement with those reported by Garcia et al. (2007), who concludes that TOPO capped
ZnO nanoparticles have an electronic configuration that is similar to the ZnO bulk.
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The surface states at the corners of the pristine NC have a net magnetic moment.

Five corners contribute with +0.5 i, and one with -0.5 p,, leading to a total magnetization

of 2.0 . Similar results have been experimentally and theoretically reported for several

nanostructured oxide semiconductors (PODILA, et al., 2010).

Fig. 8: Density of states (DOS, black line) of ZnO NC, obtained by a Gaussian convolution of o = 0.01 eV of the
individual energy levels (gray lines), with (a) one, (b) two, and (c) six amphoteric sites functionalized by TOPO
molecules. The violet lines are the PDOS on the TOPO molecule(s). The right panels present structures with the
correspondent plot of the spin density (Ap) isosurface in orange.
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The partial passivation of the amphoteric sites from the pristine NC with thiol,
amine, and TOPO functional groups results in highest occupied electronic levels (HOMO)
that are singly-occupied and located at the NC surface. The spin polarization of the
HOMO states can explain the magnetization of the capped ZnO NC. An exception to this
behavior is observed for the case of the NC capped with two TOPO molecules. For this
specific case, a large structural deformation of the two outermost layers is clearly seenin
Fig. 4, leading to the vanishing of the localized surface magnetic moments.

It is interesting to observe that the total magnetization of the ZnO NC increases
from 2.00 , to 3.00 u, when one thiol molecule is adsorbed on its surface. It occurs
due to a charge (spin) localization when the symmetry of the system is reduced, as a
consequence of the interaction with one thiol molecule. Taking the corner where the
thiol molecule is adsorbed as a reference, it is seen that the four first-neighbor corners
have magnetic moments of 0.5 u,, while the opposite corner has 1.0 y,. When two thiol
molecules are adsorbed at opposite sites of the NC, the total magnetization will be
reduced from 3.00 i, to 2.00 . In the case of six thiol adsorbed molecules, the original
ZnO NC symmetry is partially recovered, and the total magnetization is zero because all
the reactive sites at the corners of NC are saturated.

Comparing Fig. 6 and Fig. 7, (a) and (b), it is observed that the magnetization
of the NCs capped with one and two thiol and amine molecules differ by 1.00 u, and
2.00 p,, respectively. It is due to the resulting magnetic moments at the N atoms of the
adsorbed amine molecules. The evidence of a localized magnetic moment of 1.00 p, at
N atoms is made clearer when considering the NC capped with six thiols and six amine
molecules. The total magnetization of the NC+6.X systems is equal to 0.0 p, or X = thiol,
and 6.0 p, for X = amine. Differently from the partial passivation with two thiol molecules,
the magnetic moments for the case where two amine molecules are adsorbed will not
be equally distributed among the remaining (four) unsaturated amphoteric sites. This
happens because the interaction with two amine molecules induces greater structural
changes at two of the unsaturated reactive sites, with a resulting spin concentration (1.0
) at the two structurally less perturbed sites, as can be seen in Fig. 7(b). It is important to
point out that, in the case of amine, one electron will remain unpaired at the N atom, even
after the N-Zn bonding is formed. This unpaired electron leads to net magnetic moments
at the N atoms. Hence, if this dangling bond is saturated by, e.g., one H atom, the magnetic
moments at the N atoms will vanish, which would probably lead to equal magnetizations
for the ZnO NCs capped with the same number of thiol and amine molecules.

The interaction between the ZnO NC with TOPO molecules show a different

behavior, as compared with those for thiol and amine cases. It has already been revealed
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through the values of binding energies and charge transfers. The radical chains in the
TOPO molecule are closer to the NC surface than those present at the thiol and amine
molecules. This structural proximity will promote greater distortions in the NC external
layers, as is clearly seen at Fig. 4. As already discussed, structural distortions lead to less
symmetric structures and, consequently, to lower values of total magnetization.

For the case of one adsorbed TOPO molecule, three of the unsaturated corners will
show greater deviations for the crystalline pattern, while two remaining corners showing
structures that are more similar to those at the pristine NC. This leads to a concentration
of the spin density on these two less disturbed corners, each one with a magnetic moment
of 1.0 y,. The adsorption of two TOPO molecules induces structural distortions of the two
outer layers of the NC, as shown in Fig. 4. This leads to a total magnetization equal to zero.
It shows that the maintenance of the crystalline structural pattern is important for the
spin density concentration and a resulting magnetization of the system. When six TOPO
molecules are adsorbed by the NC, the structural ordering of the outer two layers of the
NC is partially recovered (see Fig. 4). As a consequence, a net magnetization of 2.0 y, is
obtained. However, the spin density on the NC surface has no defined pattern, showing a
random distribution.

This direct relationship between the surface structural distortion of the capped
NCs and its resulting magnetization is in agreement with experimental findings of Garcia
et al., which measured the magnetic responses of pristine ZnO NCs capped with thiol,
amine and TOPO molecules. The authors show that the magnetization magnitudes of
the capped NCs show the following order: thiol capped NC > amine capped NC > TOPO
capped NC. As has been pointed out, the thiol capped ZnO NCs have the lowest structural
distortions, and the TOPO capped NCs the largest. The amine capped NC exhibiting

intermediate surface structural distortions.

4 CONCLUSIONS

In conclusion, first principles DFT calculations have been used to systematically
investigate the structural, electronic, energetic and magnetic properties of nx-capped ZnO
nanocrystals (n is the number of molecules, X = thiol, amine or TOPO). When capped with
thiol and amine molecules, a charge transfer from the ZnO NC to the adsorbed molecules
is determined, and strong (partially ionic) chemical bonds are formed. On the other hand, a
relatively weak bond is observed between the TOPO molecule and the NC, with electrons
being transferred from TOPO to the NC. The valence states close to the chemical potential
show contributions from both the NC and the organic molecules for the NC+thiol and
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NC+amine systems. However, only the NC contributes to the levels close to the chemical
potential for the NC+TOPO compound. The structural distortions appearing at the surface
layers of the NC, due to the interactions with the organic molecules, are larger for TOPO
than for amine, while are lower for thiol molecules. The resulting magnetization of these
NC+molecules systems is seen to be related to the level of structural distortions of the NC
surface layers as well as the saturation of the active adsorption sites at the NC surface,
with greater magnetic moments for thiol and amine than for TOPO. These results provide
atomistic explanations for the puzzling experimental findings, relating the structural and

the magnetic properties of these oxides with their resulting magnetic moments.
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