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Ab initio molecular dynamics of CdSe Quantum Dot-Doped Glasses
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! State Key Laboratory of Silicate Materials for Architectures, Wuhan University of
Technology, Hubei, 430070, China
2 Chimie ParisTech, PSL University, CNRS, Institut de Recherche de Chimie Paris,
75005 Paris, France

Abstract: We have probed the local atomic structure of the interface between the CdSe
quantum dot (QD) and a sodium silicate glass matrix. Using ab initio molecular
dynamics simulations, we determined the structural properties and bond lengths, in
excellent agreement with previous experimental observations. Based on an analysis of
radial distribution functions, coordination environment, and ring structures, we
demonstrate that an important structural reconstruction occurs at the interface between
the CdSe QD and the glass matrix. The incorporation of the CdSe QD disrupts the Na—
O bonds, while stronger SiOs tetrahedra are reformed. The existence of the glass matrix
breaks the stable 4-member (4MR) and 6-member (6MR) of Cd-Se rings, and we
observe a disassociated Cd atom migrated in the glass matrix. Besides, the formation
of Se—Na and Cd—O linkages is observed at the CdSe QD/glass interface. These results
significantly extend our understanding of the interfacial structure of the CdSe QD-
doped glasses, and provide physical and chemical insight into the possible defect
structure origin of CdSe QD, of interest to the fabrication of the highly luminescent
CdSe QD-doped glasses.

1. Introduction

The tunable optical and electronic properties of quantum dots induced by quantum
confinement have stimulated enormous research interest. These properties were
extensively explored for applications in the fields of lasers,! light-emitting diodes
(LEDs)? and bio-labeling.’ Colloidal quantum dots exhibit excellent luminescence
properties, however, agglomeration of these QDs in solution severely restricts their
practical applications. As an alternative, quantum dot-doped glasses combine the good
thermal and chemical stability of glass together with easy access to device fabrication,
hence offering potential applications in non-linear optical devices* and LEDs.?

Quantum dots were first fabricated in a glass matrix by Alexey Ekimov et al. in 1981.6
L. E. Brus’ et al. first synthesized quantum dots in colloidal solutions in 1983. The past
few decades have witnessed the blossoming of research in quantum dots, and
chemically fabricated quantum dots can exhibit high photoluminescence quantum yield
(PLQY) after surface passivation. Compared with their colloidal counterparts, quantum
dots embedded in a glass matrix display poor PLQY, and the highest PLQY for CdSe



embedded in glass have been measured at 3%® up to now. The enormous difference in
the PLQY between QDs in colloidal solutions and in glass matrices naturally leads to
the question: why is the quantum efficiency in the glass matrix so low? How can this
situation be improved, to promote the practical applications of quantum dots?
Experimentalists have worked for decades to shed light on these issues, and some
mechanisms have been established to explain this phenomenon. It has been assumed
that the presence of defects at the interface between QD and glass matrix can quench
the excitonic emission and produce unfavorable defect emission, which is detrimental
to applications.” However, it is experimentally challenging to probe the origins of the
interfacial defects and to characterize the structure and chemical environment of CdSe
quantum dot-doped glass, due to the inadequate resolution of the existing techniques,
the instability of the glass matrix under an electronic beam, and the relatively low
concentration of QDs in the glass.

Theoretical modelling has been applied as an alternative to bring insight into these
issues, and a comprehensive exploration of the local atomic structure can give guidance
to the design of highly luminescent glasses. Computational materials studies have
become very popular due to increasing computational power and the development of
efficient numerical algorithms, and can investigate a system at the atomistic level which
is not directly possible in experiments, gaining insight into both physical and chemical
properties of materials. The two main computational methods for materials are classical
approaches and ab initio simulations. Both classical molecular dynamics (MD) and ab
initio molecular dynamics (AIMD) have been successfully used in modelling various

multicomponent glass materials!®-16 17-23

and CdSe nanocrystals. However, in spite of
these extensive theoretical studies for these two separate systems, no atomistic
calculations have been conducted so far on the composite QD/glass systems and their

interfacial properties.

In this work, we have employed ab initio molecular dynamics in order to model CdSe
QD embedded in a glass matrix, with a particular focus on the reconstruction occurring
at the QD/glass interface. We started from classical MD calculations of the glass matrix,
and quantum chemical models of the quantum dots. Because the interaction between
the CdSe QD and glass matrix cannot be described accurately in classical MD due to
the lack of the appropriate interatomic potentials, we used ab initio methods. Our ab
initio MD methodology is based on quantum mechanics at density functional theory
(DFT) level, which means it does not rely on a fixed functional form for interatomic
interactions, but the electronic degrees of freedom of each atom are fully modelled. Due
to the limitation of computational power cost, we chose a model of the composite
system with the composition of 60Na;0-120Si02-33CdSe to conduct the AIMD
simulations. The radial distribution functions for Si-O, Na-O, Cd-Se, Cd-O, Se-Na, Se-
Se and Cd-Cd were calculated to compare with experimental counterparts. The
coordination environment and the ring structures were analyzed. The results



demonstrates that enormous structural reconstruction happens simultaneously in QD
and glass matrix, with creation of Cd—O bonds and Se—Na bonds at the interface. The
incorporation of the CdSe QD disrupts Na-O bonds, while stronger SiO4 tetrahedra are
reformed. The glass matrix contributes to great structural reconstruction at the external
surface of the quantum dot, making it hard to maintain the bulk structure even at its
core. The results reported here can give a better fundamental understanding of this
complex system, and giving insight for the fabrication of highly luminescent glasses
containing quantum dots.

2. Computational methods

2.1 Generation of glass matrix structure

The starting configuration for the glass matrix was generated by placing atoms
randomly in a cubic simulation box. The total number of atoms for the glass was 540
(120 Na, 120 Si, and 300 O), with the simulation cell sizes (¢ =b=c=19.383 A, a =
S =7y =90°) kept constant throughout the simulation, giving the density consistent with
experimental values (p=2.492 g/cm?).!> Hard constraints were imposed to avoid
unphysically small interatomic distances. An initial classical molecular dynamics
simulation was performed using a partial-charge rigid-ion pairwise potential developed
by Pedone et al.,!s with the DL_POLY classic package.?* The Coulomb interactions
were calculated using the Ewald summation method® with a precision of 107, and a
real-space cutoff for short-range interactions set to 7.6 A. The Verlet algorithm was
applied for the integration of the equations of motion with a timestep of 1 fs. The glass
structures were generated using a melt-quenching approach, in the NVT ensemble at
the target density from experimental data, using a Nosé—Hoover thermostat®®2® with
relaxation time of 0.1 ps. The initial structure was heated up gradually in steps of 1000
K with a 60 ps MD run at each temperature from 300 K to 6000 K. After equilibration
of the liquid at 6000 K during 400 ps, the system was cooled gradually in steps of 500
K with a 60 ps MD run at each temperature from 6000 K to 300 K. A further 200 ps
NVT simulation was carried out at 300 K, together with a 200 ps NVE simulation in
order to equilibrate the structure.

2.2 Generation of CdSe quantum dot-doped glass structure

The experimental mechanism for the formation of CdSe QDs in glass is based on the
phase decomposition of oversaturated solid solution’ and the time scale of the growth
of these nanocrystals is far beyond the current computational method. So it is difficult
to simulate the nucleation and growth stages, and here we directly introduced the CdSe
QD into the glass matrix rather than trying to model directly the melt-quenching process.
The Cds;Sess QD (with a diameter of 13 A) obtained in our previous work 2° was
incorporated into the glass matrix, removing glass atoms so interatomic distances
between the QD and the glass matrix were longer than 2.5 A. The final composition
was 39 Na,O — 78 SiOz — 33 CdSe (Figure 1a). The interatomic interactions in CdSe
QD used a Lenard-Jones pairwise potential validated in the literature?>?* and the



Lorentz-Berthelot combining rules were used for interactions between CdSe QD and
the glass matrix. The whole structure was equilibrated at 1000 K, first using 200 ps of
NVT dynamics and then 200 ps of NVE dynamics, initially with atoms from the CdSe
QD frozen. The structure was then cooled gradually in steps of 50 K with a 60 ps MD
run at each temperature from 1000 K to 500 K, while keeping CdSe QD frozen.
Subsequent cooling from 500 K to 300 K took place in steps of 10 K, with all atoms
allowed to move. Finally, the structure were further equilibrated at 300 K with a 200 ps
NVT dynamics, and a final 200 ps NVE dynamics (Figure 1b). This simulation
methodology was followed after comparison with several other simulations, in order to
allow full relaxation of the system (especially the glass at high temperature) while
keeping the integrity of the quantum dot. We have explored several quenching methods
of the whole structures and the size of the glass matrix has been altered to test the
representativity of our current model, which can be found in Supporting Information.

2.3 Ab initio molecular dynamics of CdSe quantum dot in glass matrix

After equilibration of systems using the classical MD simulations described above, we
used the resulting configurations as starting point for ab initio modelling at the Density
Functional Theory (DFT) level, using Kohn—Sham formulation as implemented in the
CP2K code.*® Simulations were run at the Generalized Gradient Approximation level,
employing the PBE exchange—correlation functional.’! The plane wave cutoff was set
to 600 Ry. For Na, Cd, and Se, we used short-range molecularly optimized double-C
single polarized basis sets (DZVP-MOLOPT-SR-GTH), while for O and Si we used a
double-¢ single polarized basis set (DZVP-MOLOPT-GTH).?>33 After an initial
geometry optimization with DFT, the resulting relaxed structure (Figure 1¢) was used
as initial structure for the AIMD simulations. The structure was quenched from 500 K
to 300 K in steps of 50 K, with a total 10 ps AIMD run at a time step of 2 fs. The
production run was conducted in the NVT ensemble at 300 K for 10 ps.

3. Results and discussion

Our goal in this work is to analyze the nature of the QD/glass matrix interface, and to
quantify the reconstruction that takes place. As such, our initial structure (Figure 1a) is
a “naive” view of the hybrid system, and somewhat representative of the simplistic
models that are sometimes used in the existing literature. By visual inspection, large
structural reconstructions occurred after equilibration of the system, regardless of
whether it is the final configuration of classical MD simulations of the glass matrix
relaxation (Figure 1b), the DFT geometry optimization (Figure 1c), or the final
structure of AIMD simulations (Figure 1d). In particular, we clearly observed the
influence of the matrix in the introduction of strong disorder in the quantum dot. For
the original QD structure, the Cd atoms were either coordinated with 4 Se atoms (in the
core of the QD) or 3 Se atoms (at its external surface). A more complex coordination of
the Cd and Se atoms in the glass-embedded QD can be observed, where some of the
Cd-Se linkages were broken, the coordination rings opened up, and coordination



between the QD and glass was observed. The fact that the QD, in its glass matrix, cannot
maintain its pristine structure, which was different from most of the models studied in
the existing literature of QD in solution.!”- 1
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Figure 1. (a) The initial configuration for the classical MD calculations. (b) The final
configuration for classical MD simulations, used as initial configuration for the
geometry optimization by DFT method. (c) The geometry-optimized structure at the
DFT level, used as the initial configuration for the ab initio molecular dynamics. (d)
The final configuration from the AIMD simulations. Si: yellow, O: red, Na: purple, Se:
magenta, Cd: blue. Se and Cd atoms dissociated from the quantum dot are highlighted
in pink and green, respectively.

In addition to these changes in environment of the QD atoms, we observed some Cd
ions from the QD surface that completely dissociated from the quantum dot structure,



and migrated into the glass matrix (highlighted in green in Figure 1). This was observed
for one atom during MD at the classical level, and confirmed in the AIMD with the
migration of a second ion. Furthermore, during the ab initio MD we observed the
dissociation of Cd—Se—Cd clusters (Se atom highlighted in pink). For the system size
under study here, the percentages of dissociation were found to be 1.52% (Figure 1b
and 1c¢) and 6.06% (Figure 1d), respectively. These observations at the microscopic
scale were novel, but they were in good agreement with experimental evidence of Cd
atoms found to be dissolved in the matrix in as-prepared glass, seen by the extended X-
ray absorption fine structure spectroscopy analysis (EXAFS),** in the CdSe QD-doped
glass with the initial composition of 50 SiOz — 20 K20 — 20 ZnO -5 B203; — 1.5 CdO —
1.5 CdS — 1.0 NaxSeOs3 (wt%), the Cd—O contacts in all specimens with different
thermal treatment were observed, attributed to the cadmium dissolved in the glass
matrix.

We then analyzed the radial distribution functions for Si—O (Figure 2a), Na—O (Figure
2b), Cd-Se (Figure 2c¢) pairs. In each case, we compared RDFs for the initial structure
(Figure 1a) and distribution functions obtained over the ab initio molecular dynamics
simulation. Compared with the initial structure, only minor changes in Si—O and Na—O
interatomic distances were observed, with first-neighbor peaks at 1.64 A and 2.34 A

respectively, consistent with the experimental value.!*-!4
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Figure 2. Radial distribution functions for (a) Si—O, (b) Na—O and (c) Cd-Se pairs in
the initial structure (black) and averaged over the ab initio molecular dynamics (red),
for a quantum dot embedded in the glass matrix.

Interestingly, an evolution in the Cd-Se distances was observed, from 2.59 A to a
broader distribution with an average of 2.64 A (2% longer), due to both the finite
temperature and the influence of the glass matrix, which weakens some of the Cd—Se
bonds. This influence of coordination was previously discussed in the literature. !> 33-3
The Cd-Se bond length was 2.68 A when one Se atom was coordinated with 4 Cd atoms,
and 2.62 A when one Se atom was coordinated with 3 Cd atoms in Cds3Ses3 clusters.?
In this context, it was also interesting to note the size dependence of the Cd—Se bond
length, i.e., the smaller the QD’s size, the shorter the Cd—Se bond length 33— while
a lattice contraction was observed in the CdSe QD-doped glasses.*® This effect was

linked to the surface/volume ratio, where smaller QDs had more surface atoms with



shorted Cd-Se bonds. We noted however in our ab initio MD simulations, that the
diameter of the QD in final structure was 16 A, increased from 13 A in the initial
structure. This demonstrates that the glass-embedded QD does not behave like the QD
in vacuum: firstly, because of the chemical environment that the glass matrix constitutes,
with glass/QD coordination. But other explanations have been advanced in the literature,
it was suggested that the isotropic nature of the ordering of QDs in solution*! given rise
to the strain effects between QDs and solution, resulting in the size-dependent and
ligand dependent reconstruction of the QD surface. Moreover, the thermal and elastic

mismatch between the nanocrystals and glass matrix can give rise to residual stresses
42-44

increasing the extent of surface reconstruction.

upon cooling,
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Figure 3. (a) The final configuration from the ab initio molecular dynamics. Radial
distribution functions for (b) Cd-0, (c) Se—Na, (d) Se-0O, (e) Se-Se, and (f) Cd-Cd pairs,
averaged over the ab initio molecular dynamics (red), for a quantum dot embedded in
the glass matrix.

We now turn our attention to the QD/glass interface (Figure 3a). Looking at the
respective radial distribution functions, we observed the formation of Cd—O and Se—Na
bonds. They were characterized by interatomic distance of 2.25 A (Figure 3b) and 2.91
A (Figure 3c), respectively. These values, obtained from the ab initio molecular
dynamics, were in excellent agreement with experimental data available. The
interatomic Cd-O distances were found to be 2.25 A based on the EXAFS
characterization of CdSe QD-doped glasses,** while the Se-Na distances in the bulk
NasSe structure was 2.95 A (Crystallography Open Database ID: 9009065). From the
experimental crystal lattice energies of CdO, CdSe, Na,O and Na»Se,* we expect the
Na-Se bond to be weaker than Na—O, and the Cd—O bond to be stronger than Cd—Se.
This can explain that the driving force for this reconstruction find its root in the Cd—O
interactions. On the other hand, ab initio MD simulations confirm that there were no



close contacts with formation Se—O (Figure 3d), Se—Se (Figure 3e) and Cd—Cd pairs
(Figure 3f) at the QD/glass interface. The interatomic distances of these bonds were
3.92 A, 4.46 A and 3.70 A, inconsistent with the experimental values, which were 1.83
A% 2.53 A3 and 420 A3

In order to understand the QD/glass interface in depth, the coordination environment
(Table I) as well as the ring structures inside the CdSe QD/glass systems were explored.
We found that 52.40% of O atoms were bonded to Na atoms in the initial structure,
while in the ab initio MD that number was 44.54%. Meanwhile, there were opposite
tendencies for the coordination between O and Si atom, with the percentages increased
from 45.62% (initial structure) to 50.29% (ab initio MD). Moreover, while there was
no Cd-O bond in the initial structure, the AIMD showed 5.17% of O atoms were
bonded with Cd atoms, confirming the formation of Cd—O bonds in the interface.

Somewhat surprisingly, 100% of Si atoms were 4-coordinated with O atoms, while the
coordination number of the Si atom with O atoms was 3.54 in the initial structure. This
points to a dissymmetry in the Si—O and Na—O bonds of the glass, where the presence
of the QD leads to disruption of the Na—O bonds, while Si—O coordination (and Cd-O,
to a smaller extent) is kept intact, due to its stronger bond. In addition, the glass matrix
also has a marked impact on the Cd—Se bonds in the QD. 23.72% of Se atoms were
bonded with Na atoms and 27.70% of Cd atoms were bonded with O atoms in the
QD/glass interface, with great decrease of the bonds between Cd atoms and Se atoms.

It is should be noted here that in our previous work,?’ we studied a simple model of
Cds3Sess clusters capped with one sodium ion, and demonstrated that this results in the
introduction of defect states in the HOMO-LUMO gap, giving rise to unusual near-
infrared luminescence. In addition, the HOMO and LUMO states were spread in the
same region, indicating high probability of recombination of holes and electrons excited
from these defect states. The results obtained in this work from ab initio MD show that
when QD are surrounded by a glass matrix, the number of surrounding sodium ions
within short distance (Na—Se linkages) is quite important. The defects at the interface
are found to be not as simple as we expected in our previous work: a large percentage
of Se atoms are bonded with Na atoms, in our glass where Na>O was introduced as glass
modifier. The abundant nature of the sodium atoms in the glass matrix will greatly
contribute to the defect emission, and a decrease in sodium content may diminish the
number of interfacial defects, giving guidance to the design of glass composition in
future work.

We further analyzed the details of the coordination numbers for Si—O pairs (Figure 4a),
Na-O pairs (Figure 4b), Cd—Se pairs (Figure 4¢) and Se—Cd pairs (Figure 4d). These
confirmed the strong rearrangement of the interface to promote the formation of SiO4
tetrahedra, which was also seen in the ring statistics (Table II) — with the occurrence



of small ring sizes for Si—O rings. For example, we observed 16 8-member rings (§MR)
in the final structure, while no such ring was present in the initial configuration.
Consistent with the data in Table I, the occurrence of higher coordination numbers of
Na atoms with O atoms (O/Na = 6, 5, and 4) decreased while the frequency of lower
coordination number for Na atoms with O atoms increased (O/Na = 3, 2, 1) compared
with the initial structure (Figure 4b). Additionally, we observed a clear reduction of
Na—O rings, for all ring sizes but especially for the 4-member rings. This strengthened
our conclusion that the rearrangement at the interface of the CdSe QD tends Na—O
bonds to maintain Si—O coordination.

Table 1. Average coordination number and percentages of Na, O, Si, Se and Cd with
different atoms in initial configuration, and averaged over the ab initio MD simulation

System Initial Structure Ab initio MD
Atom Bond CO;:::;:‘::OH Percentages CO;:::LT:OH Percentages
Na-O 4.06 88.80% 3.54 86.21%
Na Na-Se 0.08 1.68% 0.33 8.05%
O-Na 1.63 52.40% 1.42 44.54%
0] O-Si 1.42 45.62% 1.60 50.29%
O0-Cd -- -- 0.16 517%
Si Si-O 3.54 87.64% 4.00 100%
Se-Cd 3.36 82.84% 2.52 76.26%
Se Se-Na 0.18 4.48% 0.78 23.72%
Se-O 0.36 8.96% -- --
Cd-O -- -- 0.97 27.70%
cd Cd-Se 3.36 94.87% 2.52 71.72%

The basic coordination environments of the CdSe QD are CdSes and CdSes, whose
counts were 12 and 21 in the initial structure, respectively. However, the average
number of Se atoms around Cd dropped down, with counts for CdSes, CdSes, CdSex,
and CdSe; of 6, 11, 12, and 3 in the ab initio MD (Figure 4c), respectively. The total
number of the Cd atoms bonded with Se atoms was 32, with one Cd atom not bonded
with any Se atom (migrated in the glass matrix, see Figure 1d). In terms of the
coordination environment of Se atoms, all the Se atom were bonded with Cd atoms in
the initial and final structure. The number of Se atoms with the Cd/Se ratio = 4 and 3
changed from 12 and 21, to 2 and 15. In the same time, the appearance of the Se atoms
with the ratio of Cd/Se = 2 and Cd/Se = 1 were observed (Figure 4d). The obvious
changes in the ring size of Cd-Se member rings confirmed the huge reconstruction of
the quantum dot. The 4-member and 6-member Cd—Se rings opened up, with only one
4-member and three 6-member Cd—Se rings left in the final structure. The significant
reconstruction of QD in this work distinguishes it from other work for the reason that



the QDs almost keep the bulk structure in the center in other computer simulations. The
common method to explore the QDs in solutions was to passivate the surface atom with
limited number of organic ligands while the QD was incorporated into the inorganic
glass matrix in our work. Only the surface atom were capped with organic ligands,
without the simulation of the real chemical environment of the solution, leading to the
smaller structural reconstruction compared to our work. Although there were some
simulations that the QD was directly introduced into the solid matrix,*¢ our work was
aimed at the amorphous inorganic matrix for the first time, which constitutes a big part
of research regarding the application of QDs for which the atomic structure and origin
of defect emission have been rarely studied. The simulations in our work are closer to
the real situation of a QD in a glass matrix, in which the matrix can have a more direct
influence on the QD compared with the intended passivation of the QD.!7 1*-20Apart
from the different initial structure building method, the difference in the bond nature
between the inorganic atoms with QDs, such as glass modifiers Na atoms and non-
bridging O atoms, and the organic ligand with QDs might have a relation to the different
structure of QDs in glass matrix and solutions.
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Figure 4. Histograms of coordination numbers for different pairs of atoms, comparing
the initial structure (in black) and the average over the ab initio MD simulation (in red).
(a) O coordination around Si atoms. (b) O coordination around Na atoms. (c) Se
coordination around Cd atoms. (d) Cd coordination around Se atoms.
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Table II. The number of rings with different ring size for different ring members in
initial structure and averaged over ab initio molecular dynamics.

Ring Members Ring Size Initial Structure Ab initio MD

8 - 16
10 3 10

Si-O 12 -- 4
14 1 1

16 1 --
4 88 45

Na-O 6 26 9
8 16 2

4 12 1

6 67 3

Cd-Se 8 6 7
10 -- 4

12 -- 1

4. Conclusions and perspectives

To the best of our knowledge, our calculations are the first ab initio molecular dynamics
study of a CdSe quantum dot embedded in a glass matrix. Particularly, the structure of
the CdSe QD-doped glass was obtained by the melt-quenching method, generated by
the combination of the molecular dynamics and the ab initio molecular dynamics.
Distinct structural reconstructions were observed simultaneously in the glass matrix and
CdSe QD. The incorporation of CdSe QD greatly disrupts the bonds between Na atoms
and O atoms, with the reduction in the number of O atoms bonded with Na atoms,
replaced by the Si atoms and Cd atoms. Unexpectedly, it also gives rise to the formation
of the SiOy4 tetrahedra and small ring size of Si-O member rings, with all the Si atoms
are 4-coordinated with the O atoms in the final structure. As for the interfacial structure,
both the radial distribution function for the interatomic distance of Cd atoms and O
atoms, Se atoms and Na atoms, as well as the analysis of the coordination environment
of these atoms directly confirm the existence of the Cd—O bonds and Se—Na bonds,
consistent with the experimental findings. Furthermore, it seems like that there are little
possibilities of the formation of the Se—O bonds, Se—Se bonds, and Cd—Cd bonds. In
terms of the CdSe QD, the glass matrix have a greater influence on the reconstruction
of the QD compared to QD in solutions. It is hard to maintain the stable 3-coordinated
and 4-coordinated CdSe basic units when it is introduced into the glass matrix, with the
3-member and 4- member ring disappeared. Additionally, the disassociated Cd atoms
and Se-Cd-Se clusters were observed to be migrated in the glass matrix. The complex
structure of the glass matrix and the difference of the bond nature between the inorganic
ions and QD might be attributed to the instability of QD in the glass matrix compared

11—



with the QD in organic solutions.

Our work gives an intuitive visual illustration of the local atomic interfacial structure
of the CdSe QD-doped glass, promoting our understanding of the structural
reconstructions of the glass matrix as well as the CdSe QD. Our results shed light on
the impacts of the glass matrix on the CdSe QD, exploring the possible defect structure
of the QD, thus can give guidance to the adjustment of the component of the glass
matrix and to the fabrication of highly luminescent CdSe QD-doped glasses. Our work
suggests it is worth adjusting the amount of sodium in the glass composition, which
greatly contributes to the trap states in the band gap and leads to unfavorable defect
emission. At the same time, we recommend reaching a compromise between the low
sodium contents and melting temperature, because sodium can largely alter the melting
point of glass. Besides, our results demonstrated that the surface Cd atoms are more
likely to be passivated by the oxygen in the glass matrix, which may provide
possibilities of fabricating core—shell CdSe QDs by adjusting the thermal treatment.
The fabrication of a core—shell structure of CdSe QDs is more difficult and less explored
compared with colloidal quantum dots. Work is in progress to extend our understanding
of the electronic structure of these hybrid systems.

In our future work, various glass systems will be studied and we will explore the
possible thermal strategies to synthesize core-shell CdSe quantum dots according to
insight gained from ab initio molecular dynamics. We also aim at studying more in
depth the influence of the QD size on the nature of the QD/glass interface and the
properties of the hybrid system. While the influence of QD size on its emission
properties is well known for QDs in solution, the nature of the interface reconstruction
for QDs embedded in glass matrices is not currently known. We expect, from the results
obtained in this work, that the interfacial reconstruction remains similar: it is, after all,
linked in large part not to the system size but to the nature of the competition between
Cd-Se, Cd-O, and Na—-O interactions. However, because the surface/bulk ratio is
directly linked to the size of the QD, the properties of the composite systems would be
affected. While it is not currently possible to explore larger QD sizes at the level of
theory chosen here (ab initio molecular dynamics), studies using QM/MM strategies
could be of use in order to directly address the question of larger quantum dot sizes.

Supporting Information
Computational details of different quenching methods, computational details on
different system sizes, additional discussion.
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