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Abstract

While stoichiometric quantum dots (QDs) have been well studied, a significant knowledge gap
remains in the atomistic understanding of the non-stoichiometric ones, which are predominantly
present during the experimental synthesis. Here, we investigate the effect of thermal fluctuations
on structural and vibrational properties of non-stoichiometric cadmium selenide (CdSe)
nanoclusters: anion-rich (Se-rich) and cation-rich (Cd-rich) using ab-initio molecular dynamics
(AIMD) simulations. While the excess atoms on the surface fluctuate more for a given QD type,
the optical phonon modes are mostly composed of Se atoms dynamics, irrespective of the
composition. Moreover, Se-rich QDs have higher bandgap fluctuations compared to Cd-rich QDs,
suggesting poor optical properties of Se-rich QDs. Additionally, non-adiabatic molecular
dynamics (NAMD) suggests faster non-radiative recombination for Cd-rich QDs. Altogether, this
work provides insights into the dynamic electronic properties of non-stoichiometric QDs and
proposes a rationale for the observed optical stability and superiority of cation-rich candidates for

light emission applications.
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Colloidal QDs of II-VI and I1I-V materials are semiconductor nanocrystals synthesized in solution,
whose small size gives rise to significant quantum confinement effects!-? and size-dependent
optoelectronic properties.’> Because of their tunable properties, these materials have attracted
several applications.*!! Most of these applications require QDs that are uniform in size and
composition. However, solution-based synthesis of QDs, although facile and economical, does not
yield complete uniformity in size and composition distributions.!?> As a result, colloidal
nanocrystals typically lack an exact stoichiometric 1:1 ratio of cations and anions in their structures
- such QDs are referred to as “non-stoichiometric”. The imbalance in the net charge of the non-
stoichiometric QDs is compensated by charge-neutralizing ligands that coordinate with atoms on
the surface. It is important to emphasize that the non-stoichiometry in these materials is not always
undesirable and is particularly beneficial for photocatalytic applications.!3"!> The importance of
non-stoichiometric QDs and their ubiquitous presence in experiments are yet to be met with the

respective theoretical modeling at the atomic scale.

Atomistic simulations can provide insights into phenomena associated with surface defects that
are often difficult to study experimentally.!® Since the early works of ab initio calculations on
CdSe QD,!7!% several computational studies have proved to be pivotal in understanding the
photophysics of QDs, including studies on the effects of surfaces, passivating ligands, and
dielectric solvent media on optoelectronic properties.'®?° Most of these studies have been
performed on magic-size QD clusters, which are small in size and thus are in the realm of
computations. Such clusters are far from the common experimental QDs in terms of size and
properties because of their high fraction of surface and ligand atoms. Yet, they are considered
suitable to act as a bridge between theory and experiments as such small clusters can be synthesized
experimentally.3? These magic-size clusters are therefore considered valuable to gain insights into
the atomic scale phenomena using computational simulations. Notably, these magic-size clusters
do not represent the diversity of QD clusters. They represent only a small part of possible QD
structures that are stoichiometric. Non-stoichiometric QDs are practically inevitable in solution-
based experimental synthesis and remain largely unrepresented in most of the theoretical studies.
31 We attempted to bridge the existing knowledge gap by investigating the optical and electronic
properties of non-stoichiometric CdSe QDs in our previous article 32 and have focused on
understanding the thermal effects on optoelectronics properties in this work. Our choice of QDs in

these studies has been reasonable as we have employed small QD clusters that are non-
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stoichiometric and have a size comparable to magic-size clusters (~1.5 nm in diameter), making
them computationally feasible. Moreover, similar systems have been synthesized experimentally.
Therefore, we believe that our QD clusters can act as bridges between experiments and theory,

similar to magic-size clusters but for non-stoichiometric QDs.

In our previous work, we employed time-dependent density functional theory (TDDFT) to
understand how electronic excitations are affected by the stoichiometry of the QDs. All of our
previous simulations were carried out for the ground state static structures of QDs optimized at 0
K. However, it is also important to understand the dynamic behavior of these materials and how
their properties evolve due to thermal effects at ambient conditions. It has been emphasized that
these thermal fluctuations affect the structures of nanosized crystals significantly, thereby
influencing optoelectronic properties.>*33 In our recent work,3 we applied AIMD simulations to
investigate the effects of thermal fluctuations on the properties of stoichiometric Cds;3Ses;. We
found that the surface atoms are more dynamic than the core atoms and their dynamics greatly
influence the photophysics of QDs. Several other computational and experimental studies have
provided conclusive evidence for the influence of surface fluctuations and modifications on the
photophysical properties of QDs,3¢3° where surface-associated fluctuations in electronic structure
would broaden the emission spectra, thereby diminishing the potential application of QDs in
single-photon emitters*® (SPEs). Therefore, it is of utmost importance to investigate the influence
of thermal fluctuations on the optoelectronic properties of non-stoichiometric QDs and understand
the role of their surface atoms. Here, we aim to obtain such insights by investigating both Se-rich
and Cd-rich QDs of similar sizes (~ 15 A in diameter) using long AIMD trajectories (~35 ps) at

300 K to understand the evolution of their structural, vibrational, and optoelectronic properties.

Structural Dynamics

The initial structure of Se-rich QD is based on the Cd{7Se;g cluster, previously characterized
experimentally,*'#? and the initial structure of Cd-rich QD is obtained by switching Se/Cd atom
placement in Se-rich QD. The Se-rich and Cd-rich QDs have excess Se?- anions and Cd?* cations,
respectively. Overall, the structures are made charge-neutral via the coordination of charge-
neutralizing ligands on the surface: H* for Se-rich (Cd7Se,gH,;) and Cl- for Cd-rich (Cd,gSe7Cl,;
). Other than neutralizing the QDs, these ligands also serve as a good approximation for

experimentally used ligands by enabling us to model dynamics using AIMD simulations at
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picosecond timescales. First, the ground state structures (derived from our previous work)3? are
heated from 0 K to 300 K and equilibrated. Then, the structures are further evolved at 300 K in a
microcanonical NVE ensemble for 35 ps. Trajectories from the final 10 ps of the simulation are
utilized for the analysis of various properties. We note that these AIMD simulations were
performed in the gas-phase environment. In our previous work,3? we found that the polarization
continuum model for non-periodic QD systems stabilized the electronic states of surface atoms.
However, in the current work, our focus is on understanding the differences in QDs due to thermal
effects, where the effect of solvation might be insignificant or equivalent to the QDs considered.

Further details are provided in the Supplemental Materials.

The resulting structures of Se-rich and Cd-rich QDs after 35 ps of AIMD simulations are shown
in Figure la. The dynamical structures of QDs are characterized by the root-mean-square
fluctuations (RMSF), which provide an estimate of the thermally influenced mobility of atomic
sites. Figure 1b presents the calculated RMSF of both Se-rich and Cd-rich QDs. We find that Se
atoms have higher fluctuations compared to Cd atoms in Se-rich QD, whereas Cd atoms have
higher fluctuations compared to Se atoms in Cd-rich QD. For the QDs considered in this work,
two surface atoms are not bonded to ligands as a result of charge neutrality. This makes several
ligand arrangements possible on the QD surface in the realistic system and to capture this, we
perform similar AIMD simulations on five additional QD configurations for each QD type,
consistent with our previous work.>?> These five QD configurations have the same atomic
arrangement of Cd and Se within the cluster but have different arrangements of ligands on the
surface. More details of these structural configurations are provided in our previous work3? and
Figure S1 in the Supplemental Information. We find that all these configurations have a consistent
trend of RMSF, with Se atoms fluctuating more in Se-rich and Cd atoms fluctuating more in Cd-
rich QDs (Figure S2). Usually, lighter atoms have higher fluctuations, but here, we find that the
atomic mass is a less important factor compared to the atomic placement (in the core or on the
surface) in determining the structural fluctuations. The surface atoms in these QDs are in a low-
coordination environment having more spatial degrees of freedom compared to the coordinatively-
saturated core atoms. Therefore, the surface atoms fluctuate more than the core atoms. These
results are in complete agreement with the analysis of structural dynamics of stoichiometric QDs,*3

suggesting that this is a general phenomenon that is independent of QD stoichiometric ratio. As
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we show below, the surface dynamics in conjunction with the non-stoichiometric composition of

QDs leads to bewildering but pronounced effects on their optoelectronic properties.

(a) Se-rich Cd-rich

Se-rich Cd-rich
O0Se BCd mCd+Se

Figure 1. (a) Atomic structures of Se-rich and Cd-rich QDs after 35 ps of AIMD simulation at 300
K. Atoms in yellow: Se, grey: Cd, white: H, green: Cl. (b) The root-mean-square fluctuation
(RMSF) of Se, Cd and Cd+Se atoms in Se-rich and Cd-rich QDs from the last 10 ps of the
simulation.

Vibrational Dynamics

From the AIMD trajectories, the Fourier transform of the velocity autocorrelation function of
atoms in the QD is calculated to determine the vibrational power spectra (Figure 2a). There are
two important regions in these power spectra: low-frequency region (< 120 cm!), and high-
frequency region (> 120 cm!). The low-frequency region is associated with prototypical acoustic
phonon modes, which involve concerted motions of atoms around their equilibrium positions. The
high-frequency region corresponds to prototypical optical modes, which involve an out-of-phase
movement of atoms.>3* These modes are typically activated by optical excitations and feature

strong electron-phonon coupling, which ultimately influences the optoelectronic properties of the
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material.*+4 The low-frequency acoustic modes also influence the electronic properties, such as
pure dephasing, which would be discussed later. In Figure 2a, we have decomposed the overall
spectra (black) into the contributions originating from Se and Cd atoms. The acoustic region (<
120 cm™') is mainly dominated by the surface atoms (Se and Cd atoms contribute more to these
motions in Se-rich and Cd-rich QDs, respectively). However, the nature of optical phonon modes
is different, as they are predominantly bond vibrations associated with the motions of light Se-
atoms, irrespective of the type of QD. Thus, the optical properties of both types of QDs are

significantly influenced by the Se atoms.
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Figure 2. Vibrational properties of Se-rich and Cd-rich QDs. (a) The total and partial vibrational
power spectra were obtained from the last 10ps of AIMD trajectories at 300K. (b) The Raman
spectra were obtained from the optimized ground-state structure of QDs that are most stable among
their types (that is Cd-rich and Se-rich). The spectra (shown in red) are obtained with Gaussian
broadening (half-wide at half-height of 4 cm!) of the line-stick spectra (shown in blue) defining
the positions of the vibrational normal modes and their Raman intensities. (c) The representative
vibrational modes corresponding to the peaks in the Raman spectra (guided by the black dashed
arrows) for Se-rich (143 cm ') and Cd-rich (153 cm ') QDs. The blue arrows reflect the
displacement vectors of respective atoms. Atoms in yellow: Se, grey: Cd, white: H, green: Cl.

We also calculate the off-resonant Raman spectra (Figure 2b) of Se-rich and Cd-rich QDs to relate
vibrational normal modes appearing in vibronic spectra and atomic motions visible in the power
spectra. Although the Raman spectra are derived from static ground-state structures and the power
spectra are derived from dynamic structures, some features of both spectra can be compared
qualitatively. Markedly, for Se-rich and Cd-rich QDs, we find a good agreement between the peaks
of power spectra and Raman spectra in the optical frequency region, which lie in the range of
~140-160 cm!. The normal modes corresponding to the Raman peaks for Se-rich (143 cm™!) and
Cd-rich (153 cm!) QDs are visualized in Figure 2¢, where atomic displacements are represented
with arrows for each atom and full visualization of these modes is provided in the Supplemental
Material’s animations. We note that for both QDs, movements of Se atoms have larger amplitudes
when compared to that of Cd atoms. This agrees well with the findings from the decomposed
power spectra in Figure 2a. Additionally, the movements of these Se atoms are out-of-phase,
resembling the breathing of QD and confirming the nature of optical frequency modes dominated
by bond-stretching motions. Both, the power and Raman spectra provide evidence for the larger
contribution of Se atoms towards the optical phonon modes in Se-rich and Cd-rich QDs. Note that,
the high-frequency Raman peaks for Se-rich QD above 300 cm™! are assigned to the Se-H bending
modes (Supplemental Figure S3). In contrast, the Cd-Cl stretching modes contribute mostly to the
peaks above 220 cm! for Cd-rich QD (Supplemental Figure S4). Thus, the surface atoms of both

QDs actively participate in the high-energy vibrational motions.

The simulated vibrational spectra of these CdSe QDs are different compared to that of CdSe
nanocrystals.*’#° These apparent dissimilarities appear due to the large surface-to-volume ratio in
these QDs. Beecher et al. point out that the overall characteristics of off-resonant Raman spectra
predominantly depend on the size of cation-rich nonstoichiometric QDs.> From micro-Raman

spectroscopy at room temperature, the study demonstrates that the smaller the QDs, the much
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broader the Raman spectra in the range >100 cm-!. The study also finds a broad Raman spectrum
peak at 150-225 cm! for CdSe QD with a 2.1 nm diameter. As the simulated QDs in the present
study are ~1.5 nm in size, the Raman spectra in Figure 2a are broadened and shifted to a lower
frequency for optical phonon modes. Moreover, we simulate off-resonant Raman spectra whereas
many of the experiments report the corresponding resonant signals (which simulations involve
much larger numerical cost and has limitation in terms of computational implementation).47->1-52
The off-resonant and resonant spectra may have very different peak intensities. Thus, the simulated
spectrum for Cd-rich QD is only in qualitative agreement with its experimental counterpart.>®
Fundamentally, the largely different chemical environment of the surface atoms causes variability

in Cd-Se bond stretching frequency and broadens the spectrum in the mentioned frequency range.

Electronic and Optical Properties

Atomic movements result in a dynamic electronic structure, including electronic bands, which, in
turn, influence QD optical properties. Figure 3a presents the energy fluctuations (in the form of
standard deviations) of the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of Se-rich and Cd-rich QDs. The HOMO and LUMO energies were
determined in the structures extracted every 20 fs of the last 10ps of AIMD simulation (at 300K,

a total of 500 structures).

The HOMO fluctuates more than LUMO in both Se-rich and Cd-rich QDs. This is consistent with
the results derived from the vibrational analysis, where Se atomic motions contribute mainly to
the optical vibrational modes. It also has been shown previously that the major contribution to the
HOMO is from Se atoms.3? Therefore, the connection between the Se atom displacements to the
optical phonon modes and greater fluctuation of HOMO, irrespective of the QD type, becomes
more evident. Other than the vibrational motions of Se atoms in the optical frequency region, the
higher mobility of surface atoms, as discussed earlier, also affects the band fluctuations. Since Se
atoms are present in the core of the Cd-rich QD, the HOMO fluctuations are lower compared to
those in Se-rich QD. On the other hand, the LUMO fluctuations are higher in Cd-rich QD
compared to Se-rich QD because of the higher mobility of Cd surface atoms and also because of
the higher contribution of Cd atoms to the LUMO.3? The synergistic effects of both surface
mobility and high-frequency modes determine the overall fluctuations of the HOMO-LUMO gap.
The results show that the fluctuations of the gap in Cd-rich QDs are smaller than that in Se-rich
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QDs because of the higher fluctuation of Se surface atoms, which also contribute to the optical
phonon modes. Fewer fluctuations indicate a stable HOMO-LUMO gap and therefore more
consistent absorption and emission spectra. The Kohn-Sham orbitals representing HOMO and
LUMO of the QDs at the end of the AIMD simulations are shown in Figure 3b. These orbitals
look similar to the natural transition orbitals (NTOs) obtained in our previous work,3> where we
imaged the transition of an electron during excitation from a low to a high energy state. In the
previous report, we found that the delocalization of holes in Cd-rich QD was higher than that in
Se-rich ones. A similar observation can be made here, where the HOMO of Cd-rich QDs appears
more delocalized than that of Se-rich ones. This indicates that consistency is maintained in the

electronic structure of Se-rich QD during thermal equilibration.

(2) mHOMO ®LUMO @HOMO-LUMO gap
0.12
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Figure 3. (a) The standard deviations of HOMO, LUMO, and HOMO-LUMO gap in Se-rich and
Cd-rich QDs during the last 10 ps of AIMD trajectories at 300 K. (b) The Kohn-Sham orbitals
showing the HOMO and LUMO of the Se-rich (left) and Cd-rich (right) QDs at the end of AIMD
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simulation. The isosurface values of 0.0012 e A~ are used to generate the red isosurfaces for the
Kohn-Sham orbitals. Atoms in yellow: Se, grey: Cd, white: H, green: CI.

As mentioned earlier, the dynamics of six QD configurations of each type were analyzed for each
QD type for 35 ps at 300 K. The HOMO and LUMO energy fluctuations of all six QDs for the last
10 ps of the simulation are shown in Figure 4. In contrast to HOMOs, the LUMOs for all six QDs
of both QD types have similar energies. The Se-rich QDs have a range of HOMO-LUMO gaps
because of the range of HOMO energies, while Cd-rich ones have more uniform HOMO-LUMO
separation across several QD configurations. These results signify that an ensemble of atomically
identical Se-rich QDs at ambient conditions would have a non-uniform HOMO-LUMO gap and
therefore broadened absorption/emission spectra, whereas a similar ensemble of Cd-rich QDs
would have a well-defined HOMO-LUMO gap and sharper absorption/emission spectra. Uniform
emission from an ensemble of QDs would potentially result in intense high-quality luminescence.
This is consistent with previous experimental results where Cd-rich QDs have higher

photoluminescence stability and quantum yield.>3-34
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Figure 4. The fluctuations in HOMO and LUMO energies of six Se-rich (top) and six Cd-rich
(bottom) QDs during the last 10 ps of AIMD trajectories at 300 K. The QDs are indexed from 0 to
5, in the order of increasing their ground state energy. The bigger dots (lower in energy) represent
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the HOMO energy and the smaller dots (higher in energy) represent LUMO energy. These HOMO
and LUMO energies are calculated every 20 fs throughout the simulation.

Noteworthy, in the previous investigation of QDs under static conditions, we found that several
Se-rich and Cd-rich QD configurations have dark low-energy transitions in their absorption
spectra. The current work (Figure 4) shows that all the Cd-rich configurations give rise to similar
HOMO-LUMO energies, whereas Se-rich configurations have a range of HOMO-LUMO
energies. This suggests that the low-energy transitions in Se-rich QDs would be long-lived, even
after 35 ps of AIMD simulation, whereas those in Cd-rich QDs would heal with thermal
equilibration. This conclusion is reasonable because both the effects of surface Se atom mobility
and Se-dependent optical region vibrations work in tandem to affect the electronic properties of
Se-rich QDs. The non-uniformity in electronic structures in Se-rich QDs would be reflected in the
non-uniformity in their optical properties, making them poor candidates for single-photon

emission applications.

Finally, we employ NAMD simulations to investigate the dynamics of charge carrier
recombination in non-stoichiometric QDs and understand how the first excited state S; (HOMO
- LUMO) relaxes non-radiatively across the gap. NAMD simulations have proved beneficial in
understanding the relaxation of excited states across a range of electronically active
materials.!??4>36 Figure 5a shows electron-hole recombination as the population of excited
electron decreases in Se-rich (Se0) and Cd-rich (Cd0) QDs - both of which have the lowest ground
state energies and the widest HOMO-LUMO gap among their respective QD types as shown in
Figure 4. The recombination is much faster in Cd-rich QD compared to Se-rich one. By assuming
that the charge-carrier recombination timescale is described by a single-exponent process, the
recombination time (t) is calculated by fitting f(t) = exp (—t/t) to the decreasing carrier
population. We find that the non-radiative recombination in Cd-rich QD investigated here is an
order of magnitude faster than in Se-rich QD (16.6 ns vs 239.9 ns). The recombination rates are
influenced by several factors, including the bandgap and its fluctuations, dephasing time, electron-
phonon interaction-induced nonadiabatic couplings (NACs), etc. Usually, larger fluctuations of
the HOMO-LUMO gap would result in a faster non-radiative relaxation. This trend, however, is
not observed for the QDs studied here: HOMO-LUMO fluctuations (Figure 3a) are greater in Se-
rich QD, but the electron-hole pair recombination is faster in Cd-rich QD. The recombination rates

across the bandgap are also influenced by an average value of the bandgap, where the rate is

11



Nanoscale Page 12 of 22

inversely related to the gap.’” The Se0 QD has a larger average HOMO-LUMO gap (2.0 e¢V)
compared to CdO (1.74 eV) and, therefore, this factor may be responsible for slower recombination

of the electron-hole pair.
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Figure 5. Non-adiabatic dynamics of QDs: (a) Charge carrier recombination rates determined from
the decrease in the population of the first excited state, S; corresponding to HOMO—-LUMO
transition. The electron-hole pair recombination times were calculated by fitting depopulation
curves to an exponential function, f(t) = exp (— t/7) and are shown alongside the curves. (b)

12



Page 13 of 22

Nanoscale

Pure-dephasing functions from HOMO-LUMO transition in Cd0 and Se0 QDs as a function of
time. The decoherence occurs due to elastic electron-phonon scattering, partially suppressing the
transition probability. (c) The histogram distribution of non-adiabatic coupling (NAC) values in
Se-rich (top) and Cd-rich (bottom) QDs determined during the AIMD simulation. The insets
contain a zoomed-in view of the respective histograms in the frequency range of (0,10). The Se-
rich QD has higher frequencies for the higher NAC values.

Another key factor is the decoherence process that arises due to the elastic electron-phonon
scattering, which strongly influences the quantum transitions.>®>° During electronic transitions in
photoexcited systems, the ground, and excited states superpose transiently. However, elastic
electron—phonons scattering causes this superposition to dephase, making the involved states in
transition uncorrelated and evolving independently over time. We calculate the associated
decoherence time as the pure-dephasing time that has been formulated using optical response
theory and applied to various types of materials.®® The plotted cumulant dephasing functions in
Figure Sb suggests that the dephasing in these QDs occurs in ultrafast timescale, within a few
tenths of femtosecond (fs). We calculate the dephasing time (t”) by fitting a Gaussian function (f(t)
= exp[—(t/1°)?/2]). The estimated dephasing time for Se0 (6.6 fs) is 1.5 times faster than in Cd0
(9.7 fs). The evaluated trend of dephasing time primarily arises from the extent of energy
fluctuations of associated energy states (HOMO and LUMO here) over time, which is higher in
Se-rich QDs. Additionally, the faster the decoherence, the slower the quantum dynamics as we
find in the quantum-Zeno effect.®! Thus, the faster quantum decoherence significantly reduces the
chance of electron relaxation through transient superposition of HOMO-LUMO wavefunctions in
Se-rich QD. Furthermore, we inspected the NACs between HOMO and LUMO during the MD
simulation to determine their effect on the electron-hole pair recombination (Figure 5c). The
interaction between electronic states and vibrational motion of atomic sites (frequently denoted as
an electron-vibrational or electron-phonon coupling in finite systems or solid materials,
respectively) can be calculated or quantified experimentally in terms of Hyang-Rhys factors.5?
These interactions facilitate carrier non-radiative dynamics and give rise to NACs. Typically,
NACs are straightforward to calculate, while these quantities are challenging to measure
experimentally. The NACs for Se0 have broader distribution compared to that of Cd0, with higher
NAC values being more frequent in Se0. Subsequently, the average NAC in Se0 (1.38 meV) is
higher than that in CdO (1.06 meV), reflecting higher effective electron-phonon coupling in Se-
rich QDs. The overall stronger electron-phonon interactions in Se-rich QD also support our finding

that the dephasing process in these QDs is faster in time. Hence, among several factors, the
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magnitude of the energy gap and quantum decoherence are most likely the dominant factors that
control the non-radiative recombination processes in non-stoichiometric QDs. Observed complex
relationships between surface passivation, excited-state dynamics, and structural fluctuations in
non-stoichiometric QDs warrant future modeling studies. Additionally, the presence of point-
defects in the QDs can substantially impact the carrier relaxation process by introducing in-gap
states that may act as non-radiative recombination centers for separated electron-hole pairs.
However, the current study does not include such effects and focuses on the impact of electron-
vibrational coupling on the charge relaxation. Our future efforts will focus considering other
factors, such as solvent effect, surface point defects, and imperfect surface passivation (due to
ligand loss) to understand the charge relaxation in QDs to a greater extent. Note that, severely
limited experimental observations restrict us from validating our computational findings with those
in details. However, with the advancements in experimental synthesis procedures and
characterizations tools we strongly believe that nonstoichiometric small QDs will be studied in

near future.

In summary, this computational work reports a detailed investigation of the influence of thermally
induced structural and vibrational fluctuations on the optoelectronic properties of non-
stoichiometric CdSe QD clusters at ambient conditions. Due to the undercoordinated environment
of atoms on the surface, we find that Se atoms are more dynamic in Se-rich QDs, and Cd atoms
are so in Cd-rich ones. The vibrational analysis reveals that irrespective of the QD type, Se atoms
always have a higher contribution towards high-frequency vibrations (prototypical optical phonons
related to the bond stretching), suggesting a higher influence on the HOMO energies of QDs. The
electronic structures are dependent on the surface fluctuations, and they are affected by high-
frequency vibrations. Overall, we determine that the HOMO-LUMO gap of Se-rich QDs fluctuates
more compared to that of Cd-rich systems. In Se-rich QDs, the surface Se atoms are more dynamic
and vibrate more in the optical phonon region, whereas in Cd-rich ones, Se atoms are well
passivated and sterically constrained, which results in less thermal and optical fluctuations.
Furthermore, the Se-rich QDs with various configurations of ligands on the surface show a range
of HOMO-LUMO gaps, reflecting the presence of multiple long-lived low-energy transitions. In
contrast, the set of analogous Cd-rich QDs reveals a near-constant HOMO-LUMO gap, pointing
to the stable emission and faster thermal healing of their electronic structures. Interestingly, the

non-adiabatic transition rates for LUMO - HOMO demonstrate faster non-radiative
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recombination of Cd-rich QDs compared to Se-rich QDs. The faster decoherence processes and
larger time-averaged bandgap in Se-rich QD are the primary reasons behind this trend. Altogether,
the atomistic investigation carried on in this study provides insights into the differences in the
optical and electronic properties of anion-rich and cation-rich QDs at ambient conditions. These
results help to rationalize previous experimental studies showing superior photoluminescence of

cation-rich QDs compared to anion-rich QDs.
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