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Synthesis protocols of colloidal semiconductor nanocrystals (NCs) comprise the coordination of the
semiconductive inorganic core by a layer of organic ligands, which play a crucial role in stabilizing the
NCs in organic solvents. Understanding the distribution, binding and mobility of ligands on the different
NC facets is key to prevent the formation of surface defects and to optimize the overall optoelectronic
efficiency of these materials. In this paper, we employed classical molecular dynamics (MD) simulations to
shed light on the plausible locations, binding modes and mobilities of carboxylate ligands on the different
facets of CdSe nanocrystals. Our results suggest that these features are influenced by the temperature of
the system and the coordination number of the surface (Cd and Se) atoms. High ligand mobilities and
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structural rearrangements are linked to a low coordination of the Cd atoms. Undercoordinated Se atoms,
which are considered the culprit of hole trap states in the bandgap of the material, are instead found to
spontaneously form on the nanosecond timescale, making them likely candidates for an efficient photo-
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Introduction

Colloidal semiconductor nanocrystals (NCs) are nanometric
sized particles' usually passivated by a layer of capping
organic ligands, which prevent aggregation and play a crucial
role in stabilizing the NC in organic solvents. At smaller sizes,
NCs present an increased surface-to-volume ratio®* and a large
fraction of their atoms are exposed at the surface. These atoms
are usually under-coordinated and highly mobile,** and could
lead to the formation of surface defects that can introduce
localized “midgap” states.®'* Upon photo-excitation, these
midgap or trap states can act as non-radiative recombination

“Department of Theoretical Chemistry and Amsterdam Center for Multiscale
Modeling (ACMM), VU University Amsterdam, De Boelelaan 1083, 1081 HV
Amsterdam, The Netherlands

bDepartment of Nanochemistry, Istituto Italiano di Tecnologia, Via Morego 30,

16163 Genova, Italy

‘Dipartimento di Chimica e Chimica Industriale, Universita degli Studi di Genova,
16146 Genova, Italy

dConsiglio Nazionale delle Ricerche, Istituto di Nanotecnologia CNR-NANOTEC, Via
Monteroni, 73100 Lecce, Italy

’BCMaterials, Basque Center for Materials, Applications, and Nanostructures, UPV/
EHU Science Park, Leioa 48940, Spain. E-mail: ivan.infante@bcmaterials.net
Jikerbasque Basque Foundation for Science, Bilbao 48009, Spain

tElectronic supplementary information (ESI) available: Force Field parameters
and input files; input files and geometries for the productive runs; final geome-
tries for the production runs; input files for the data analysis of the ligand distri-
butions and surface dynamics. See DOI: https://doi.org/10.1039/d2nr06681e
{These authors contributed equally.

7410 | Nanoscale, 2023,15, 7410-7419

luminescence quenching mechanism.

centers, reducing the photoluminescence quantum yield
(PLQY)'""*'* of the material and/or the charge transport
between NCs when these are casted into solid films. Surface
ligands are also envisioned as a tool to passivate these surface
defects and to move their corresponding energy levels outside
the bandgap."® A very successful strategy to eliminate midgap
states is indeed to passivate the surface with another semi-
conductor (or insulating) material with a wider bandgap to
form core-shell-type structures."®"® The growth of a shell layer
on II-VI materials has been demonstrated to lead to PLQY
>90%.%71%2° Unfortunately, adding a shell also introduces a
barrier hindering inter-NC charge transport and mobility in
solid films.*" A valid alternative to passivate traps in core-only
NCs is to substitute native ligands via ligand exchange mecha-
nisms, by a tailored choice of (short) organic or inorganic
ligands to favor both the elimination of surface defects and
the electronic coupling between NCs.?*** This approach is cur-
rently the object of numerous theoretical and experimental
investigations, mostly because the packing of ligands at the
NC surface is hard to control and it depends on the optimiz-
ation of several enthalpic and entropic contributions that
govern the dispersion/precipitation equilibrium of colloidal
NCs in a given solvent.>*?®

The deployment of experimental tools capable of gaining
insight into the surface chemistry of colloidal NCs has grown
through the years, enabling a deeper inquiry into how ligands
bind to the NC surface, commonly reported in terms of L-type,
X-type and Z-type contributions,”®® and their lability.”*°

This journal is © The Royal Society of Chemistry 2023
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Solid-state nuclear magnetic resonance (NMR) studies, for
example, proved able to determine the NC surface ligand cov-
erage,®' ie. the number of capping ligands per nm> and the
presence of dangling bonds on the surface of the inorganic NC
core through the shift in the coordination of the atoms.**"**
These studies can reveal for example the fraction of the NC
surface occupied by ligands after the purification step. As
such, they provide a clue on the amount of surface area avail-
able to new ligands, for example during a ligand exchange
process, or how many surface sites can still be passivated to
remove all dangling (trap) sites. Recent studies combining
Fourier-transform infrared (FT-IR) spectroscopy and NMR have
also provided important indications on the ligand binding
modes with the metal surface ions.>*’

Despite all this progress, it is still not possible to determi-
nistically control the PLQY or the transport properties only by
a suitable choice of surface ligands at the synthetic step, or
even during post-synthetic treatment aimed to replace the
native ligands. Indeed, many variables of the NC surface are
yet to be properly understood. For example, nowadays high-
resolution transmission electron microscopy (HR-TEM) is very
helpful in identifying the shape of the colloidal NCs and the
faceting of the inorganic core,""'*?%3%3% hyt is still unable to
provide clues on where the ligands are and how mobile they
are. Understanding the correct ligand distribution at the NC
surface by analyzing how ligands cover different facets, how
they bind to the NC surface atoms, and how they move is
pivotal in further manipulating the surface and ultimately
improving the performance of these materials.

In this work we make an important step toward a compre-
hensive characterization of the NC surface by investigating the
complex inorganic/organic interface region through atomistic
calculations. We take CdSe as a model system. With classical
molecular dynamics (MD) simulations we elucidated the
modality (i.e. location, mobility and structure) of ligand
binding to the NC surface and the role of ligand stabilization
and surface coordination in the optimization of this process.
We demonstrate how the ligand surface coverage is linked to
the temperature and is facet-specific. On this basis, we suggest
strategies aimed at the improvement of these materials,
namely: (i) increasing the density of ligands to decrease the
presence of di-coordinated Se, a source of hole traps, on the
NC surface and (ii) including neutral Z-type metal complexes
to coordinate Se-rich facets to increase surface coverage. We
believe that our findings will evolve into more precise
approaches aimed at the improvement of the optoelectronic
properties of CdSe, and metal chalcogenide at large, NCs.

Methodology
Construction of the NC model

The main goal of this work is to understand the most plausible
location of the organic ligands passivating the surface of CdSe
NCs. In our case, we chose to study the effect of oleate ligands
because they are most commonly employed in the
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experiments.’*™**> We remind the reader that surface ligands
can be classified in terms of Green’s notation as L-type, X-type
and Z-type, depending on the number of electrons that are
shared between the ligands and the NC surface atoms.”®*° For
our purposes, the oleyl-based ligands can behave as X-type
ligands, in the oleate form, as L-type ligands, as oleic acid, and
as Z-type ligands, as Cd(oleate),. In this paper we consider
only passivation with X- or Z-type oleyl ligands, whereas L-type
have not been included to simplify the investigation.

At first, we constructed a NC model that resembles the
experimental findings as close as possible by following a pro-
cedure that we used in other works.**** Briefly, we initially
built an ideal non-stoichiometric CdSe NC model of about
4.0 nm of diameter, carved in a cuboctahedral shape from a
zinc blende bulk structure as shown in Fig. 1. The chemical
formula of our NC model is Cd;¢12S€911, resulting in a Cd: Se
molar ratio of about 1.1. This value indicates a slight excess of
metal ions, in agreement with experimental findings.*® In this
model, 38% of the atoms reside on the surface. Most of these
surface atoms possess incomplete coordination shells, and
their number exceeds the amount of the oleyl-based ligands
required to completely passivate the NC. Indeed, a simple
assumption of one ligand per surface site implies a coverage of
about 9.5 ligands per nm?, a value that largely exceeds the
experimental values, typically ranging between 2 and 6 ligands
per nm>.>**¢*® Qur model NC exhibits: (i) six Cd-rich (100)
facets with 2-coordinated Cd atoms (Cd-2¢) protruding from
the surface in a tetrahedral conformation; (ii) four Cd-rich
(111) facets with both 3-coordinated Cd (Cd-3c) and Se (Se-3c)
atoms lying on the same plane; (iii) four Se-rich (111) facets
with 3-coordinated surface Se (Se-3c) atoms in a pyramidal

Se Cd

Fig. 1 Scheme of the employed CdSe NC core model. Se (111) and Cd
(111) respectively account for (111) and (111) facets.
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configuration; and (iv) twelve staircase (110) facets. The
surface includes also “edge” atoms shared between two dis-
tinct facets, and “vertex” atoms found at the intersection
between three facets. A breakdown of the surface atomic con-
tribution is presented in Table 1. Notably, the combination of
edge and vertex atoms comprises almost half of all surface
atoms, validating their primary role in the dynamics of the NC
surface.

Results
Surface ligand distribution

The overall charge neutrality of the model is preserved by com-
pensating the excess Cd>* charge with oleate ligands.® We
indeed employed 202 oleate ligands to fully passivate the NC
surface and solvated the system by dichloromethane.
Considering the high complexity of the system to be simulated,
we decided to focus solely on X-type ligands passivation, which
we repute a reasonable trade-off with the available experi-
mental findings. The role of charge neutral L-type ligands,
such as oleic acid molecules, is not analyzed here. To obtain a
statistical (and physically meaningful) distribution of oleates,
we performed over 300 different sets of MD simulations - i.e.
productive runs - for an aggregated simulated time of ~10 ps,
where the interaction between all pair of atoms in the system
is described by a classical force-field (FF). The parameters of
this FF for CdSe NCs have been obtained by some of us else-
where.*® These simulations have been carried out using the
GROMACS™ software package and were run with a smooth
particle mesh Euler method (SPME) using beta-Euler splines®
for the computation of the L] and coulombic terms. The
spacing between consecutive grid points in the mesh was set
to be 0.62 A. The integration steps were chosen to be 1 fs time-
step to properly account for the vibrations of the organic
ligands. Initially, for each of these uncorrelated set of simu-
lations, oleate ligands were randomly displaced on a “virtual”
sphere at ~1 nm from the NC surface, with the carboxylate
headgroups loosely pointing towards the surface (Fig. 2a and
b). Each set of these simulations, or replica, was executed
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using a micro-canonical ensemble at constant energy (NVE)
for ~20 ns in vacuum. In this framework, the oleate ligands
were allowed to move towards the surface (Fig. 2c) by initializ-
ing their atomic velocities to 500 K, while the atomic positions
of Cd and Se were kept fixed to maintain the NC integrity. This
freezing is done to prevent the reconstruction of the core
before the ligands approach the surface, since we expect that
in reality, during the NC synthesis, ligands are always bound
to the surface at all stages of NC growth. With this approach
we allowed the ligands to reach the surface at temperatures
close to those commonly employed during the hot-injection
synthesis***> and, by doing so, to obtain a meaningful stat-
istics on how the ligands are distributed. In a following step,
each replica was solvated in dichloromethane by explicit
inclusion of solvent molecules in the simulation box, relaxed
in an isothermal-isobaric environment (NpT, where the con-
stant pressure and temperature were respectively kept at 1 atm
and 500 K) for 1.5 ns and gently equilibrated by annealing
from 500 K to room temperature, 298 K, for 20 ns (Fig. 2d).
From this stage of the simulations onwards, both the core
atoms and the ligand molecules were relaxed to allow for an
accurate simulation of their mobilities. Finally, each replica
was simulated for additional 20 ns at 298 K and 1 atm.
Statistical analyses of ligand distributions were done by analyz-
ing the final trajectories obtained from 100 different sets of
these last simulations carried out at room temperature.

Our simulations reveal a substantial inhomogeneous cover-
age of the NC. Also, a clear trend is visible in the ligand-NC
affinities among the different facets, with the following trend:
(100) > (111) > (110). We computed the ligand coverage for
each facet from the areas of the different investigated facets.
The results, averaged over the 100 replicas, are reported in
Table 2. The high coverage displayed by the (100) and (111)
facets can be attributed to the positively charged Cd atoms
exposed on these surfaces. Additionally, these Cd atoms are
Cd-2c in the (100) facet and Cd-3c in the (111) facet, resulting
in distinct affinities towards the ligands. This difference pro-
vides an explanation for the overall highest ligand concen-
tration on the (100) facet (4.99 ligand per nm?) as opposed to
the (111) facet (3.11 ligand per nm?).

Table 1 Surface atomic contribution on ideal CdSe NC facets, edges and vertices

Facets Edges Vertices
% of % of % of
surface surface surface
atoms atoms atoms
Location on the surface Cd Se Location on the surface Cd Se  Location on the surface Cd Se
(100) 50 0 (100)/(111) 29 50 (100)/(110)/(111) 50 50
(111) 20 50 (100)/(111) 43 50 (100)/(110)/(111) 50 50
(111) 30 50 (110)/(111) 14 0
(110) 0 0 (110)/(111) 14 0
Total over all surface atoms of a given type and position 100 100 100 100 100 100
Total over all surface atoms of a given type 65 40 23 36 12 24
Total over all surface atoms 56 27 17
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Fig. 2 Depiction of a productive run. (a) Initial collocation of oleate ligands on random spheres at 1 nm from the NC surface. (b) Cumulative
locations of the ligand oxygen atoms on the spheres. (c) Structural representation of the ligand packing in vacuum after 20 ns in vacuum, NVE
ensemble. (d) Structural representation of the ligand packing in solvent after 20 ns of annealing, NpT ensemble.

Table 2 Computed ligand coverage on ideal CdSe NC facets (including
edges and vertices)

Surface area Ligand density

% of total surface Density per nm?

Area  area occupied by  (standard Density per
Facet (nm?) each facet deviation) Cd atoms
(100) (x6)  32.2 55 4.99 (0.06) 0.53
(111) (x4) 11.8 20 3.11 (0.16) 0.15
(111) (x4)  11.8 20 0.1 (0.09) 0.00
(110) (x12) 3.1 5 1.18 (0.56) 0.05
Total 58.9 100 3.43 0.54

The lowest ligand concentration (0.1 ligand per nm?*) was
found for Se-rich (111) facets. This result is expected, as nega-
tively charged oleate ligands would experience repulsive forces
with negative surface Se ions. However, binding of oleate
ligands is occasionally observed on these facets due to the
occurrence of crystal defects, i.e. when Cd atoms are exposed
as a consequence of small local structural rearrangements, or
surface reconstruction.

We define this as an “on-defect” binding mode, and we
expect the binding of Z-type ligands to be thus favored on
these facets, although they have not been included explicitly in
these simulations. Overall, the ligand concentration on the
(111) facets was found to be very low, as it depends on the
extent of surface reconstruction. Our calculations also demon-
strate that oleates bind to (110) facets.

An estimate of this ligand affinity yields a value between those
of the (111) and (111) facet. The fairly high uncertainty - i.e. stan-

This journal is © The Royal Society of Chemistry 2023

dard deviation - is a consequence of the small area of (110) in
our model. A large fraction of ligands was found at the edges and
vertices of the NC model. As shown in the ESIf of this manu-
script, these are the most unstable regions of the NC model.

Location of binding sites

The existence of well-defined binding sites and the self-
arrangement of oleates into ordered structures is demon-
strated by the detailed two-dimensional map of the NC surface
in Fig. 3a. This map was computed by aggregating the data
from the hundred replicas. Translational and rotational modes
were removed from the simulations and the ligand coverage
was estimated for 6 and ¢ spherical coordinates, accounting
for all the positions assumed by the carbon atoms of the car-
boxylate anchoring group. The information retrieved from the
plotted map directly relates to adsorption free energies and to
ligand-NC affinities. As expected, the number of potential
binding sites was found to be higher than the number of
X-type ligands required for the complete compensation of the
charge of the NC (i.e. necessary to achieve charge neutrality in
the model). The type and distribution of sites vary consider-
ably from facet to facet and, occasionally, even across different
regions of the same facet. Best-defined binding sites and stron-
gest affinities were found on the (100) facet, where ligands are
ordered in lines and their oy, mirror planes (i.e. the ones com-
prising the oxygen atoms) are oriented in a parallel fashion.
This arrangement results in very dense structures and inter-
oleyl tail packing. On the Cd-rich (111) facet, on the other
hand, binding is weaker and sparser, and sites are less
defined, causing a lower packing of oleyl tails. Here, Cd atoms

Nanoscale, 2023, 15, 7410-7419 | 7413


https://doi.org/10.1039/d2nr06681e

Published on 23 de mar¢ 2023. Downloaded on 7/1/2026 22:49:42.

Paper

a)

Projection
—_—

b)
14
density
' 0.3
'.g_ 0 0.2

0.1

-

Fig. 3 Composition of ligands on the different NC facets. (a) Two-
dimensional map of the CdSe NC facets. (b) Density map of the
locations of the ligands on the different binding sites of the individual
facets.

are coordinated by 3 Se (Cd-3c) and, as mentioned earlier, this
coordination is associated to a higher stability and a lower
affinity to the charge of X-type ligands in comparison to the
Cd-2c¢ of the (100) facets. Consequently, Cd-3c preferentially
bind a single oxygen atom. An exception to this behavior is
encountered for Cd-2c atoms at the edges, shared with (100)
facets and behaves similarly to the Cd-2c of the neighboring
(100) facets: they show indeed a higher charge affinity and a
preference to bind to 2 oxygen atoms, one from each carbonyl
moiety of the oleate ligands on the neighboring (111) and
(100) facets. This tendency generates two widely different
regions in the (111) facets (Fig. 3b): (i) a central region with
fewer oleates; and (ii) the regions near the edges, richer in
ligands. Binding sites, although weaker, are better defined in
the former (green in the map in Fig. 3b), while they merge in
the latter creating visible stripes in the map. Once again, this
finding can be explained by the choice of compensating the
excess metal charge in our NC model by choosing solely X-type
oleate ligands. In a similar fashion, L-type oleic acid and
Z-type Cd(oleate), molecules could, however, prove to be
effective candidates to passivate available binding sites on the
Se-rich (111) facets and maximize ligand packing.

In summary, in agreement with previous theoretical investi-
gations,?* a strong correlation occurs between ligand coverage
and stability of the NC. Ligands are in fact decisive in compen-
sating the intrinsic instability of (100) facets caused by the low
coordination of Cd-2c atoms on their surface: the absence of
an oleate ligand always corresponded to a crystal defect
(vacancy) in our simulations (see Fig. 4a.1 and b.1). A more
detailed representation of the packing of the ligands on the
different facets and of their evolution over time is available in
the ESIT of this manuscript.

Near the (111) facets, these defects were stabilized through
the diffusion of Cd to the surface, resulting in a decreased

7414 | Nanoscale, 2023, 15, 7410-7419
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probability to find ligands close to these Se-rich facets (Fig. 4.2
and b.2). On the contrary, defects are stabilized by the addition
of oleates on the Cd-rich (111) facets, as a consequence of the
on-defect binding that stabilizes the exposed Cd atoms
(Fig. 4.3 and b.3).

Binding modes

For a long time, researchers have been speculating on the way
oleates bind on CdSe NCs.*>*> The complexity of the processes
taking place on the surface of NCs at room temperature can de
facto be represented as a series of fleeting structural configur-
ations in which the ligand is temporarily bound to the NC
surface in a specific position. A statistical sampling of all these
configurations classified thanks to a distance threshold
between the core surface atoms and the ligand anchoring
group is employed to provide a measure of the binding modes
present in the system. We decided to investigate these confor-
mations on the last portion (300 ns) of the 1 ps, room tempera-
ture simulation through a three-digit notation. The first 2
digits of the notation indicate the number of Cd atoms bound
to each oxygen atom of the carboxylate anchoring group.

For example, Fig. 5a.1 describes a binding mode in which
one oxygen atom of the carboxylate group is bound to a Cd
atom (the first 1 in the notation), while the second oxygen
atom is bound to two Cd atoms (2 in the notation). The third
digit in the notation expresses the number of Cd atoms bound
simultaneously to both oxygens of the carboxylate moiety: in
the previous example, one of the Cd atoms is indeed shared by
both oxygen atoms. This last digit is thus reminiscent of the
presence of a chelating binding configuration, which is any
case always mixed with a bridging configuration. A pure brid-
ging configuration, on the other hand, is described by a value
of 0 in the third digit of the notation. Overall, a plethora of
possible binding configurations are available, and in none of
them oleates behave as pure chelating or monodentate
ligands. These configurations have been the subject of pre-

(111) (111)
a) 1) 2) 3)

& &
LXK

Fig. 4 (a) Structural representations and (b) details of the packing of

the oleate ligands on the different facets of the NC model for: (1) facet
(100), (2) facet (111) and (3) facet (111). Cd vacancies are circled in red.
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Fig. 5 Binding modes of the ligands on the surface of the NC model. (a) Schematic representation of the six most common binding modes. (b)
Schematic representation of the density of the different binding modes on the three most packed NC facets, (100), (111) and (111). (c) Binding modes

on (100) facets. (d) Binding modes on (111) facets. (e) Binding modes on (111) facets.

1’ and

investigations® based upon theoretica
experimental®*™’ findings. Those studies already supported
the presence of monodentate ligand geometries on CdSe NCs
and analogous II-VI NC models, by correlating them with non-
radiative relaxation processes, ultimately affecting the PLQY of
the particles,”® as well as NMR and IR techniques,®””%°
whereas a previous work by Weiss et al.’” led on PbS NCs had
assessed a 1:1 a molar ratio of chelating to bridging oleate,
independently of the NC size. Over the course of this work, we
have defined a threshold for the bond between Cd atoms and
the oxygens of the carboxylate moiety, and proceeded to label
the different binding modes as previously stated. From our
analysis, six configurations can be regarded as the most rele-
vant ones (Fig. 5a), and the precise self-arrangement of ligands
discussed above stems from sindication of the occurrence of
the different configurations (and thus their probability of
occurring over time) can be found in Fig. 5b.

On (100), Cd atoms usually bound two different oleates and
a bridging/chelating mode (1-2-1) is largely dominant (see
Fig. 5¢): most oleates chelate a Cd atom, while one of their
oxygen atoms bridges the chelated and the neighbour Cd,
allowing for an optimal packing on the surface. The low mobi-
lity associated to this binding modality is a synergic combi-

vious

This journal is © The Royal Society of Chemistry 2023

nation of dense ligand packing and high ligand affinity. This
binding, however, is not rigid, and oleates assume different
fleeting conformations (i.e. the bridging chelating mode
2—2—1, the pure bridging modes 1-1-0 and 2—2-0). These
fluctuations are strongly correlated, resulting in global, con-
certed moves of the ligands (a representation of this binding
modality is shown in Fig. 5c¢). A very different situation was
found on (111), where, due to the lower ligand-affinity and the
higher coordination of Cd-3c, binding is more evenly distribu-
ted among the different modes and a clear peak is absent in
Fig. 5b. Ligands move faster on these facets, in a more random
fashion (see Fig. 5d). Conversely, on (111) facets (Fig. 5e), the
diffusion of oleate ligands on these facets primarily occurs as
a collective motion of Z-type Cd(oleate),, fluctuating between
fleeting 1-2—1 and 1-1-0 binding modes, and it depends on
the mobility of Cd(oleate), ligands on the surface and on the
rate of creation of new surface defects. The occurrence of this
binding mode is shown in Fig. 5b.

Mobility of surface species

We measured the mobility of ligands on our NC model
through 1 ps, room temperature simulation reconstructions of
the system. Previous theoretical and experimental investi-
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gations had investigated the role of L-, X-, and Z-type ligands
on the surface stabilization of CdSe NC models,” %'
suggesting that ligand mobility is strongly correlated to the
mobility of the surface atoms of the core. We therefore chose
to inquire into ligand mobility by investigating the mobility of
core atoms and, more specifically, of their root mean square
displacements (RMSD). We employed the RMSD computed
from the ideal structure as reference. At first, RMSDs were
computed as a function of the NC radius (r): we considered the
cross section of the reference structure and divided it into 12
concentric spherical shells (spacing of 2.1 A, see Fig. 6a),
which were used to group atoms according to their relative dis-
tance from the NC center of mass (COM). RMSDs were com-
puted for each of these 12 groups. NCs are faceted solids:
therefore, the most external ring in our model mainly com-
prises atoms at vertices and edges. Thereafter, specific mobili-
ties of the various NC regions were investigated by computing
the RMSDs on the NC atoms of the reconstructions, grouped
according to the region to which they belonged in the ideal
structure. In these analyses, larger displacements thus corres-
pond to larger reconstructions.

As expected, our calculations show a contrast between the
dynamic nature of the surface atoms and the rigidity of the
inner core atoms. On the one hand, the latter maintained the
bulk structure throughout the simulations and both Cd and Se
atoms remained in their original positions. Larger rearrange-
ments were observed at the surface of the NC model, the
extent of which differed between the two species (see Fig. 6b):
the mobility of Se atoms changed dramatically only at the
edges/vertices (i.e. in the most external shell), while Cd atoms
became very mobile already at sub-surface shells. We noted
that rearrangements were faster in the first stages of the simu-
lations. This finding suggests that an initial high temperature
(500 K) created perturbations that relaxed to a “normal”, room-
temperature behavior over relatively long-time scales (tens of
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ns). This slow response is relevant for practical applications, in
which NCs are exposed to various external perturbations
(photon irradiation, electric fields, etc.) that locally heat them
to extents that can be difficult to be predicted by theoretical
models. Analyses on the various regions confirmed that edges
and vertices are the most unstable sites on the surface, and
that most of the reconstructions in the central regions of the
facets involve Cd atoms. Surprisingly, Cd reconstructions were
smallest at the (111) facets while the largest were observed on
(111) facets. This finding supports the indication that binding
on these Se-rich facets could be favored in the presence of
neutral Z-type Cd(oleate), moieties, providing a feasible strat-
egy to achieve higher coverages on these facets. An example of
these reconstruction mechanisms are exchanges - i.e. swaps in
the positions of Cd atoms - between the surface and the
immediately underlying layer. The paths of these exchanges
were very diverse, often involving the diffusion of Cd atoms
towards the edges of the model. The extent of displacements
for (100) facets was found to be in-between those of the (111)
and (111) facets. This trend in the extent of reconstructions,
(111) > (100) > (111), confirms the above-mentioned strong
influence of ligands on the maximization of the stability of a
NC facet (Fig. 6b). It is important to note how different
affinities and binding modes, and therefore different arrange-
ments, play a central role in differentiating the behavior of the
(111) and (100) facets.

Coordination numbers and trap states

Dangling bonds at the surface of NCs are believed to affect
their electronic properties. In particular, in a previous theore-
tical work” by some of us, we suggested the involvement of Se
atoms (Se-2c) as hole trap states. Over this section, we will
provide further insight on the nature of these states and or the
evolution of their decay. Our production runs show that the
presence of dicoordinated Se-2c atoms on the surface of the

b)
3.0 cd
Se
<C
a 2.0
0
=
o
1.0
core 160 1i1 _11;1_ edgies
NC region
Ligand
density (nm?2) 499 |3.11| 0.1

Fig. 6 (a) Representation of the separation of a section the NC core atoms into 12 different regions depending on the atomic distance from the
center of mass, and RMSD plot of Cd and Se atom displacements throughout the MD simulations. (b) RMSD plots of Cd and Se atoms in the different

regions of the NC and ligand densities on the exposed facets.
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Fig. 7 Breakdown of the evolution of Se-2c states on the NC model at room temperature. (a) Two examples of the evolution of the coordination of
Se atoms located on edges/vertices of the model. (b) Representation of the variation of the density of Se-2c states over the average lifetimes of the
MD replicas. (c) Representation of the evolution of the decay of Se atoms to Se-2c over the course of the MD replicas.

NC model arises from the high mobility of the (111) facets of
the model, which has already been highlighted in the previous
section. A graphical representation of this phenomenon is
shown in the video provided in the ESIt of this manuscript.
Moreover, in our MD simulation, Se-2c states exhibited a huge
variability: they appeared and disappeared on the nanosecond
timescale (average lifetime 6.75 ns), primarily in the first parts
of the simulations. Nine different Se atoms, all located near
the edges/vertices of the model, were 2-coordinated at some
point of the simulation. The coordination numbers of these
atoms subsequently evolved differently: Se-2c states had
different lifetimes and frequencies, ranging from shorter and
frequent to fewer and longer (two examples are reported in
Fig. 7a). Overall, a prevalence of the shorter Se-2c lifetimes was
observed (Fig. 7b) and, although an exact description is
difficult because of the trajectory time resolution, distribution
can be nicely fitted by an exponential equation. The stochastic
nature of these on/off processes caused Se-2c to decay with
time (Fig. 6¢) in a random fashion, without a definite trend.
This trend is consistent with the above discussed existence of
a relaxation of the NC from an initially perturbed state. The
results of our investigation can be summarized by considering
the occurrence of Se-2c in our simulations as a sum of
different on/off random processes that disappeared after few
tens of ns. Rearrangements at different spatial and time scales
superimpose, spawning the following processes: (i) local sto-
chastic evolutions of the single Se and the nearby atoms, and
(ii) a consequent global relaxation of the whole system towards
more energetically favourable conformations of the NC model.
As stated previously, the stabilization provided by ligands on
the electronic structure of CdSe NC models and their contri-
bution in the elimination of midgap states has been the object
of a variety of theoretical and experimental investigations.”*'"**
In agreement with these findings, a careful analysis of the tra-
jectories suggests that ligands play a decisive role in the rate of
the global relaxation process due to their involvement in the
achievement of surface stability and, therefore, on the speed
and extent of the surface reconstructions routes.

This journal is © The Royal Society of Chemistry 2023

We therefore suggest that Se-2c and similarly shaped
surface trap states can be turned on by the presence of pertur-
bations and then slowly disappear at room temperature, result-
ing in time scales easily spanning over hundreds of micro-
seconds. If the NC is in a perturbed state or undergoes fre-
quent perturbations, Se-2c states are created and destroyed sto-
chastically. Since the involved time scales are consistent with
those of radiative recombination, the presence of Se-2c could
thus strongly influence the optoelectronic properties of NC
model.

Conclusions

In this work, we provided an outlook on the binding modes of
oleate ligands on a CdSe inorganic core. We performed several
classical MD simulations to acquire a statistical characteriz-
ation of the most plausible location of oleate ligands on the
NC facets, pointing out a direct correlation between the lower
coordination of Cd atoms in Cd-rich (100) and (111) facets and
a higher concentration of oleate ligands, thus suggesting their
involvement in the stabilization of the most unstable regions
of the model, also including the edges and vertices of the
CdSe core. These findings are additionally confirmed by our
investigation of the binding modes and mobilities of these
ligands on the NC surface, linking high ligand mobilities and
rearrangements to a synergy of the simultaneous presence of
surface defects on specific ligand binding sites and high Cd
coordination (i.e. low charge affinity towards negatively
charged oleate ligands). Within this background, we also inves-
tigated the involvement of undercoordinated Se atoms in the
formation of surface hole trap states. Our results highlight
that dicoordinated Se atoms stem from stochastic on/off pro-
cesses on the nanosecond timescale. The healing of such Se
defects occurs spontaneously and can be potentially tuned by
increasing the ligand coverage, therefore decreasing the
density of these defects on the NC surface. We believe that our
findings can provide a helpful tool in the development of new
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strategies for the optimization of the optoelectronic properties
of this class of semiconductor nanomaterials.
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