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ABSTRACT: Cadmium chalcogenide quantum dots (QDs) passivated by
thiol-based ligands exhibit several advantages in their applications in lighting,
sensing, and imaging technologies. However, their emission is sensitive to thiol
concentrations, pH conditions, and temperatures. Using calculations based on
the density functional theory, we identify conditions for thiol/thiolate
equilibrium at the CdS QD surface that either eliminate or introduce optically
inactive hole trap states favoring or disfavoring the emission. Our calculations
indicate much weaker interactions between the QD and protonated species
(thiols), compared to their deprotonated counterparts (thiolates). Addition-
ally, the surface of CdS QD facilitates the partial deprotonation of thiols,
leading to the formation of an additional stable networking conformation where the proton is shared between the ligand and the QD
surface. Thiolates strongly reduce the optical intensity of low-energy transitions in CdS QDs, contributing thiolate-localized hole
trap states at the QD band gap. However, networking between the thiols and the surface, as well as the presence of native ligands
such as primary amines, stabilize such trap states brightening the lowest optical transitions. This explains the increased emission of
thiol-passivated QDs at lower concentrations in neutral or acidic solutions. Surface-mediated bias toward deprotonated species and
their contribution to optically inactive states also rationalizes irreversible emission quenching and bleaching in the CdSe/CdS QDs
exposed to high temperatures or intensive laser pulse.

1. INTRODUCTION
Significant research efforts have been focused on the
photophysics of colloidal semiconductor quantum dots
(QDs). This is motivated by a wide range of QD-based
applications such as light-emitting diodes, photosensors, and
imaging technologies.1−4 The ease of synthesis of mono-
disperse QDs,5−8 photostability,9−11 narrow line-width,12 high
quantum yield of emission,13 and tunability of optical
properties via the QDs’ size14−17 make QDs particularly
appealing for optoelectronic applications. However, the main
challenge of QD-based materials is the sensitivity of QDs’
optical response to their surface chemistry and environ-
ment.18,19 For instance, passivating ligands that are in a
dynamical equilibrium with the QDs’ surface together with
charging/discharging of the QD cause intermissions in the
emission, known as blinking.10,11

The problem of the surface sensitivity has been partially
resolved by covering the QD surface with many layers of large
band gap semiconductors, so called “giant” core/shell QDs.2,9

In particular, the CdSe/CdS core/shell QDs can be
synthesized via successive ionic layer adsorption and reaction
(SILAR). In SILAR, the process of adding monolayers of
cations and anions is assisted by injecting cadmium oleates and
trioctylphosphine sulfides.2,21−23 An alternative method, high-
temperature continuous injection (HTCI),12 is based on the
continuous injection of cadmium oleates and octanethiols.12,20

Recent studies comparing the core/shell QDs synthesized by

SILAR to HTCI demonstrate different thermally assisted
photo-bleaching, ultimately resulting in a more rapid photo-
degradation of HTCI-made QDs under high temperatures and
laser flux conditions.20 This difference is rationalized by
permanent morphological changes originating from surface
ligands. Thiol ligands in HTCI-made QDs promote the
irreversible surface/ligand-associated hot-carrier trapping in
comparison to the reversible QD charging of SILAR-designed
QDs that only have oleate passivation.20

However, the origin of such surface/ligand trap states is not
completely understood. In fact, in CdSe/ZnS QDs, the surface
treatment by thiol derivatives, such as 3-mercaptopropionic
acid24 and β-mercaptoethanol,4 results in emission enhance-
ment at low concentrations and in acidic conditions. In
contrast, a dramatic decline in emission is observed in basic
solutions that result in deprotonated species that points to
thiolate-originated hole trap states.4 Nonetheless, neutral and
highly acidic conditions have been found insufficient to
conclude whether protonated species are responsible for the
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observed emission enhancement, pointing on an optimal
thiolate presence together with thiols that provide highly
emissive QDs.4 Despite this unclear effect of thiol ligands
resulting in favorable or unfavorable conditions for the QD
emission, depending on ligand concentration, pH conditions,
temperature, and laser flux intensity, the thiol-based
passivation of QDs promises benefits in various applications;
this includes device fabrication due to the tight packing of QDs
into arrays25 and bioimaging, since thiol-based ligands can be
easily exchanged to polymeric imidazole ligands making the
QD water soluble.12 Therefore, understanding the effect of the
thiol/thiolate equilibrium in regard to the formation of surface-
associated trap states is critical for the fabrication of highly
emissive, nonblinking, and photostable QDs.
Targeting this goal, we computationally study the influence

of the protonated and deprotonated thiol-based species on the
ground- and excited-state properties of magic size (CdS)33
QDs. Understanding the conditions governing the thiol/
thiolate equilibrium for this model system helps to determine
an optimal interplay between the thiolates and thiols that
eliminates hole trap states and favors emission in QDs. The
initial structures of magic size26,27 (CdS)33 QD are constructed
by cutting quasi-spherical QDs from the bulk CdS wurtzite
crystal with a diameter of ∼1.5 nm, as was reported in previous
works.19,28−34 This model is used to represent stoichiometric
surfaces with an equal number of surface cadmiums and sulfurs
that likely prevail over nonstoichiometric Cd-enriched surfaces
in larger size QDs.8 Since in experiments the thiol passivation
takes place via ligand exchange in the presence of prime-amine
ligands,4,24 a relatively lower concentrations of thiol/thiolate
ligands is not expected to result on highly nonstoichiometric
structures due to the L-type nature of amine ligands.5

The resulted initial geometry of (CdS)33 QD has a C3
symmetry and 21 surface cadmium and sulfur ions, Figure 1a.
Surface Cd ions are marked according to their layer position in
the crystal, with layers A and C having the most reactive two-
coordinated ions and layers B and D having three-coordinated
atoms that are expected to be less reactive.35,36 To investigate
the effect of thiol ligands, we consider three surface-passivating
schemes: (i) a bare (CdS)33 QD with a single neutral
methanethiol (Thiol) or methanethiolate (Thiolate) with a
negative charge of −1 e, attached to one of the surface Cd ions
at the layers A−D, Figure 1b. We also consider the case of one
methanethiolate attached to the surface Cd and a proton to the
neighboring S at the QD surface (Thiolate/H), as illustrated in
Figure 1e,f. (ii) Fully passivated (CdS)33 QD with 20
methylamines (MA) and one thiol, or thiolate, or thiolate/H
attached to the surface Cd ions. (iii) Fully passivated (CdS)33
QD with 21 thiols (21-Thiol) or thiolate/H (21-Thiolate/H),
Figure 1d.

2. RESULTS AND DISCUSSION
The overall trends in the QD−ligand binding energies are
similar for both strongly polar and weakly polar solvents and
only slightly deviate between the surface passivation schemes
with and without MA, Figure 2. Independent on the surface
layer and the presence of MA ligands, thiolate binds to the QD
significantly stronger than thiol, while the appearance of a
proton on the adjacent surface sulfur provides additional
stabilization of the QD−thiolate binding energy. This trend is
rationalized by the additional charge−charge and charge−
dipole attractions contributing to the dipole−dipole inter-
actions in the structures with thiolate ligands. The more polar

solvent such as acetonitrile (ACN) reduces the strength of the
QD−thiolate interaction (by about 2 times) when compared
to the less polar propyl-amine (PAM) solvent. This is expected

Figure 1. Examples of simulated QD models. (a) Initial structure of
(CdS)33 QD cut from the bulk wurtzite crystal, with dashed gray lines
denoting the surface layers A−D. (b) Optimized structure of the QD
with a single thiol bound to the surface cadmium at the layer A. (c)
Optimized structure of the QD fully passivated with 20 MAs and one
thiol at the layer A. (d) Optimized structure of the QD fully
passivated by 21 thiols. (e) Schematic diagram illustrating three bonds
that define the interaction between the QD and thiol/thiolate ligands
and formation of the thiol/thiolate network with the surface. (f)
Interconversion between thiol and thiolate where the QD extracts H+

due to its attraction to the surface sulfur.

Figure 2. Binding energy of the thiol and thiolate ligands to the
(CdS)33 QD in PAM (a) and ACN (b) solvents as a function of their
position at the surface layers A−D. Solid lines represent the QD
passivated by 20 MAs and one thiol (black), thiolate (red), or
thiolate-H with QD−thiolate (blue) and QD−H (green) binding
energies. Dashed lines represent the QD passivated by a single thiol
(black), thiolate (red), or thiolate/H (blue or green).
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because these types of interactions are inversely proportional
to the dielectric constant of the media.37 In contrast, the
polarity of the solvent only slightly affects the QD−thiol
interaction in the neutral structures.
The QD−thiol interaction is also much less dependent on

which surface (layer) the molecule is attached to the QD,
compared to the QD−thiolate binding energy, Figure 2. The
interaction between the QD and thiolate is the strongest for
the A-layer attachment and the weakest is the D-layer. This
trend is more pronounced for the structures fully passivated
with MAs and well rationalized by the more reactive character
of two-coordinated cadmium ions at the A-layer when
compared to three-coordinated cadmiums at the D-layer, as
was found for the (CdSe)33 QDs bound to different types of
surface ligands.35,38 The deviations from this trend for
structures passivated with only one thiolate (red and blue
dashed lines in Figure 2) can be explained by stronger surface
reconstructions of the bare QD making all surface cadmium
ions three-coordinated, thus reducing the difference between
layers.35 Similar to the QD−thiol binding energy, the
interaction between a proton and the sulfur ions at the QD
surface (green lines in Figure 2) has insignificant dependence
on the layer attachment and the solvent, despite its significant
strength. The strong H−S bond results in electron density
redistribution, making the charge on H-side only slightly
positive, like the proton in the thiol molecule (Figure S1 and
Table S1 in Supporting Information), which explains the
similarity in their trends of the binding energies.
The decrease in the interaction strength between the QD

and thiol compared to the QD and thiolate agrees with the
trend of the Cd−S bond length between the surface cadmium
and sulfur of the ligand, Figures 3a and S2a. For the thiol, the
Cd−S bond length is significantly longer (3.4−3.8 Å) than for
the thiolate (2.6−2.7 Å). This difference agrees with the less
polar character of the Cd−S bond of the thiol, compared to
those of the thiolate, Table S1. The difference in the Cd−S
bond length and its polarity results in a weaker interaction
between the QD and the thiol than the QD and the thiolate.
As such, the deprotonation of thiol ligands, if it occurs, results
in a very stable passivation of the QD surface by thiolates at
their lower concentration. The stability is further facilitated by
the proton attachment to the nearest sulfur at the QD surface.
Both processes are more thermodynamically favorable in less
polar solvents, Figure 2.
Interestingly, the distance between H in the thiol and S in

the QD (rQD, Figure 1e) noticeably decreases for the thiol
attachment at the C-layer in the PAM solvent, while the H−S
bond length between H and S of the thiol (rL, Figure 1e) only
slightly increases, as can be seen in Figure 3b. Similarly, the
distance between H adsorbed at the QD surface and S in the
thiolate (rL) also strongly reduces when the thiolate is attached
at the C-layer in the Thiolate/H conformation, Figure 3c.
These trends are consistent for the QDs with MA passivation
(Figure 3b,c), as well as the bare QDs with only one thiol or
thiolate/H at the surface, Figure S2b,c. A strong reduction of
rQD for the Thiol structure and rL for the Thiolate/H structure
at the C-layer attachment is a signature of the network
formation when the proton is interacting with both sulfurs
from the ligand and the QD, as illustrated in Figure 1e,f. The
edge between layers C and D favors the interaction between
the capping thiol (thiolate) in layer C and the surface sulfur
(with attached H) in layer D, resulting in the networking
configuration. Note that this network configuration does not

represent the complete conversion of the thiol to the thiolate/
H or vice versa, as evidenced by a larger Cd−S bond length
(∼3 Å) of such networking thiol, compared to the typical Cd−
S bond length (2.5−2.7 Å) between the thiolate and the QD,
Figures 3a and S2a. As such, our simulations reveal an
additional stable conformation of the thiol/thiolate networking
between the ligand and the surface, which can take place
together with completely protonated thiols or deprotonated
thiolates.
The protonated and deprotonated thiol-based ligands at the

QD surface are expected to alter the electronic structure and
optical response of CdS QDs in different ways. For instance, it
has been detected experimentally that the emission efficiency
of pristine CdSe, core/shell CdSe/ZnS, and CdSe/CdS QDs
strongly depends on the pH of the solution and the
concentration of the thiol-based ligands.4,20,24 The calculated
density of states (DOS) projected to the electronic states
originating from QDs, MAs, and thiol/thiolates are shown in
Figure 4 for the attachment at the layer A and Figures S3−S5
for other layers. The passivation of the QD by pristine amines
insignificantly affects the QD states. States associated with
MAs appear deep inside the valance band (VB) and
conduction band (CB), independent of the solvent and the
form, protonated or deprotonated, of the thiol-based ligand.

Figure 3. Cd−S and S−H bond lengths of fully passivated (CdS)33
QDs with 20 MAs and one thiol or thiolate/H as a function of their
position at the surface layers A−D in PAM (red lines) and ACN
(black lines). (a) Cd−S bond length between surface Cd and S of the
thiol (circles) or thiolate (squares). (b) Distance between H and S in
the thiol (solid line, rL) and S in the QD surface (dashed line, rQD) of
the Thiol structure. (c) Distance between H and S in the thiolate
(solid line, rL) and S in the QD surface (dashed line, rQD) of the
Thiolate/H structure. A noticeable reduction in rQD for the Thiol
structure and rL for Thiolate/H structure at the C-attachment points
to the network formation when the proton is interacting with sulfurs
from both the ligand and the QD.
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These results are consistent with reports on CdSe QDs
passivated by primary amines.36

In both solvents, electronic states originated from the thiol
also contribute only deep inside the VB and CB close to the
amine-associated states (Figure 4a,d) and are nearly
independent on the thiol position at the surface (Figures
S3−S5). In contrast, the thiolate-associated states for the
Thiolate and Thiolate/H structures appear much closer to the
VB edge or at the VB edge, Figure 4b,e. This trend is similar
for all cases except when thiolate binds to the bare QD on the
layer C, Figure S4b,e, where the thiolate states shift toward the
amine-associated states. This migration can be explained by the
bridging of thiolate between two surface Cd ions, which
stabilizes the ligand states.
A similar trend has been observed in CdSe QDs function-

alized by metal−organic complexes where the states originating
from the neutral ligands of the complex are strongly stabilized
and appear deep inside the QD’s VB, while anionic ligands
destabilize these states shifting them to the edge of the QD’s
VB.32,39−41 This destabilizing behavior is rationalized by the
increased dipole−dipole interactions between the QD surface
and the ionic ligands, compared to neutral ligands.40 For our
systems, this trend is the most pronounced for structures
without MA passivation, where the thiolate-associated state is
located exactly at the VB edge (blue lines in Figure 4b,e). As
such, the surface ligands stabilize the thiolate-associated states.
The proton attached to the QD surface also stabilizes the
thiolate-associated states of the Thiolate/H structures via

reducing the dipole moment of the QD surface, Figures 4c,f
and S3−S5.
For all considered structures, independent of the solvent, the

excited electron state contributing to the lowest energy optical
transition is highly delocalized over the entire QD, Figures 5
and S6. This is consistent with the nature of the CB edge of
their DOS, Figure 4. For the bare QDs with one thiolate in
PAM solvent, the thiolate-associated states at the VB edge
contribute to the hole of the first excited state, which is
optically inactive due to its ligand-to-QD charge-transfer
character, Figure 5a,c. However, stabilization of the thiol-/
thiolate-associated states due to passivating amine ligands and/
or the surface proton results in the QD-to-QD lowest
transition that is optically active in Thiol and Thiolate/H
structures for the bare and amine-passivated QDs, Figure 5b,d.
It is important to note, however, that the polar ACN solvent
leads to a stronger delocalization of the hole state between the
thiolate and the QD (with a larger portion at the QD),
resulting in an optically active lowest energy transition in the
thiolate structure, despite the thiolate contribution to the hole
state, Figure S6a,c. On the other hand, the polar solvent
changes the symmetry of the hole state contributing to the
lowest QD-to-QD transition, which significantly reduces its
optical intensity in all structures passivated by primary amines.
The change in the symmetry of the hole arises from the
orientation of the ligands on layer C so that they partially
stabilize S ions in layer D, resulting in the localization of the
hole on layer D. In fact, when the hole state is delocalized over
the B-layer, such as in PAM, the transition is optically

Figure 4. DOS projected to the orbitals originated from the (CdS)33 QD, thiol, thiolate, thiolate/H, and MA in the bare QD with only one thiol-
based ligand and fully passivated QD by 20 MAs and one thiol-based ligand attached at the layer A. The panels (a−c) represent DOS in ACN and
(d−f) in PAM solvents. The DOS contribution of the thiol, thiolate, and thiolate/H are multiplied by 3 for better visualization. (a,d) Structures
with thiol, (b,e) structures with thiolate, and (c,f) structures with thiolate/H.
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intensive. In contrast, a distribution of the hole mainly over the
D-layer, such as in ACN, results in optically weak transitions
(compare Figures 5d to S6d and Table S2). The same change
in the character of the hole state and the related optical
intensity of the lowest transition between PAM and ACN
solvents is observed in QDs passivated only by MAs, explaining
noticeably the lower intensity of the first excited state in ACN
compared to that in PAM solvents, Table S3.
The attachment of thiol or thiolate to different layers of the

QD results in a similar behavior of the lowest energy
transitions as discussed for the A-layer, Figures S7, S8, and
Table S2. The exception is observed for the C- and D-layers of
bare structures, where the hole state is localized on the surface,
rather than the inner part of the QD, resulting in an additional
red-shifted optically weak band in their absorption spectra,
Figures S7f,h, S8f,h, and Table S2. We associate the
appearance of these surface states with the network formation
when the proton is interacting with sulfurs from both the thiol
ligand and the QD. This networking is observed only for layers
C and D with a more pronounced character for the bare Thiol
and Thiolate/H structures.
Overall, our calculation points to a tendency of passivating

thiolates reducing or completely eliminating the optical
intensity of the lowest energy transition in CdS QDs, due to
the contribution of the trap hole states localized either on the

thiolate or on the surface. This effect of “darkening” of the first
excited state is weakened when a proton is attached at the QD
surface or forming the network between the thiol molecule and
the QD surface. The presence of a large amount of neutral
passivating ligands such as primary amines (small concen-
trations of thiolates) also eliminates this effect, due to
stabilization of the thiolate-associated states by amines. In
contrast to anionic thiolates, neutral thiols at lower
concentrations provide a high optical intensity of the first
exciton, responsible for the emission. These computational
findings agree with experimental results, which report
enhanced emission in QDs treated by thiols at low
concentrations and acidic environments that favor the
protonated species, while emission is strongly reduced at
high concentrations and in basic solutions where thiolates
dominate over thiols.4

To better justify these conclusions, we have simulated a
limiting case of a high thiol/thiolate concentration, when the
(CdS)33 QD is fully passivated either by 21 thiols (21-Thiol)
or by 21 thiolates with 21 protons attached to sulfur ions of the
QD surface (21-Thiolates/H). Here, we consider acidity as an
access of protons in a solution that is expected to strongly
facilitate protonation of thiols (21-Thiol model), while the
deprotonation of thiols is favored in basic solutions enhancing
thiolate/H network formation (21-Thiolates/H model). While

Figure 5. Absorption spectra and NTOs representing the electron−hole pair contributing to the lowest optical transition of the bare QD with only
one thiol-based ligand (a,c) and fully passivated QD by 20 MAs and one thiol-based ligand (b,d) attached at the layer A and calculated in PAM. As
a reference, the spectra of the bare (CdS)33 QD without any ligands (a) and fully passivated by 21 amines (b) are shown by gray lines. The vertical
lines introduce the lowest energy transition for each structure, with its oscillator strength shown at the right Y-axis (a,b) and in prentices (c,d).
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this is, indeed, an implicit consideration of acidity, direct
modeling of thiol/thiolate equilibrium in acidic solutions
would strongly benefit from the fundamental understanding of
how thiol converts into thiolate/H or vice versa due to the QD
surface, which we address in these simulations.
After optimization of 21-Thiol structures, majority of thiols

have been partially deprotonated, resulting in 18 network
species, predominantly with the surface character, where the
distance between the proton and the sulfur of the QD surface
is slightly smaller, than between the proton and the sulfur from
the neighboring ligand, Table 1. To accurately differentiate

between the surface- and ligand-network species, we also
compare the charge on the sulfur atom of the thiol-based
ligand using natural bond orbital (NBO) analysis. Partially
deprotonated thiols with the sulfur’s charge being in the range
of −0.63 to −0.50 e correspond to the surface network
(behave more like thiolate species), while those with the less
negative charge from −0.16 to −0.07 e contribute to the ligand
network (behave more like thiol species). While the overall
trend is similar for PAM and ACN solvents showing a bias
toward ligand- and surface-network species for 21-Thiol
structures, the surface-network species are slightly dominating
in the polar solvent (12 in ACN vs 10 in PAM, Table 1).
Comparing these results to single thiol passivation, we can also

conclude that the interaction between neighboring thiol
ligands facilitates network formation and deprotonation trends,
including A- and B-layers that do not show such behavior at a
single thiol passivation.
In contrast, the optimization of 21-Thiolate/H structures

results in less pronounced changes in both solvents, where the
major species (∼2/3) stays as the thiolate and a minority (1/
3) exhibits the surface-network character sharing the proton
between the QD and the thiolate. From these data, it is
reasonable to assume that thiolate/H species will dominate at
temperatures high enough to distort the S−H bond of the thiol
because the QD surface catalyzes the thiol deprotonation
converting it into the thiolate with the proton attached to or
sharing with the surface. This process is not thermodynami-
cally reversible, so that deprotonated species do not pose
conversion to protonated ones when the temperature is
reduced. In contrast, thiols tend to undergo partial
deprotonation even in neutral (or acidic) solutions at the
normal temperature, where the surface and ligand networks are
nearly balanced and a majority of thiols are not completely
deprotonated and sharing the proton either with the QD
surface or neighboring ligands.
Examining the electronic states originating from the QD,

thiol, thiolate/H, and networking between the surface and
ligands, as shown in Figure 6a−d, we see that both the thiolate
and the surface-network species introduce their states at the
VB edge and inside the band gap of the QD. The higher the
negative charge of the sulfur of the ligand (having more
thiolate character), the greater the shift of the ligand-localized
hole trap state inside the band gap of the QD, Figure S9. This
results in the lowest energy transitions with a very weak optical
intensity for the 21-Thiolate/H structure in both PAM and
ACN solvents, Figure 6e,f. Such a “dark” character of the
lowest exciton of 21-Thiolate/H structures is rationalized by
localization of the hole on thiolates at the D-layer, while the
electron is delocalized on the QD core, resulting in the ligand-
to-QD charge-transfer nature of the first transition, Table 2.
These results are consistent with those obtained for the QD

Table 1. Number of Final Species at the Surface of (CdS)33
QD after Optimization of Initial Structures Completely
Passivated Either by Thiols (21-Thiol) or by Thiolates with
Protons Attached to the QD Surface (21-Thiolate/H) in
Different Solvents

PAM solvent ACN solvent

final species 21-Thiol 21-Thiolate/H 21-Thiol 21-Thiolate/H

thiols 3 0 3 0
thiolate/H 0 14 0 15
surface network 10 7 12 6
ligand network 8 0 6 0

Figure 6. Ground-state and excited-state electronic spectra of (CdS)33 QD passivated by 21 thiols and 21 thiolate/H in PAM and ACN solvents.
(a−d) DOS projected to different parts of the system: the QD, thiols, thiolates, and the network with a proton shared between the QD and ligands
with the smallest H−QD distance called network-surface (Ns) or the smallest H−ligand distance called network-ligand (NL). (e,f) Absorption
spectra of 21-Thiol and 21-Thiolate/H passivated QDs, compared to those of the QD passivated by 21-MA.
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with a single thiolate, Figures 5 and S6. However, the polar
solvent stabilizes the occupied states originated from thiolates
and/or the surface network, shifting them toward QD’s VB.
This results in a blue shift of the lowest transitions in ACN for
all thiol-/thiolate-containing structures, compared to those in
PAM, Figures 6e,f and S10. Additionally, ACN increases the
delocalization of the hole states, originated from the surface
network, over the ligands and the A- and B-layers of the QD
for 21-Thiol, Table 2. As a result, the lowest energy transition
of 21-Thiol in ACN is highly intensive (Figures 6f and S10),
providing favorable conditions for emission. Similar trends for
the DOS and low-energy optical transitions are observed for
(CdSe)33 QD with 21-Thiol or 21-Thiolate/H passivation
(Figure S11), pointing that this behavior is universal for any
chalcogenide QDs with thiol ligands.
Note that this condition of full thiol passivation is unlikely to

be obtained using the ligand-exchange procedure, as was used
in ref 4, because the binding energy of the native ligands, such
as primary amines, to the QD is significantly stronger than
those of thiols in their protonated form.35 However,
deprotonated species (thiolates and surface network) interact
much stronger than native ligands and are likely to dominate
the surface passivation at high thiol concentrations, leading to
thiolate-associated trap states similar to those observed for the
21-Thiolate/H structures and resulting in emission quench-
ing.4 In contrast, the CdSe/CdS core/shell QDs designed by
the HTCI method, where thiol precursors are used directly
during synthesis,20 are likely to result in a stable thiol/network
passivation with the balanced ligand- and surface-network
species, like in our 21-Thiol model, which provides optically
bright lowest energy transitions beneficial for room-temper-
ature stable emission with high quantum efficiency.20

3. CONCLUSIONS
In conclusion, our calculations provide important insights into
the thiol/thiolate equilibrium at the surface of CdS QDs that

help to explain experimental results demonstrating the dual
role of thiols and thiolates in enhancing or decreasing the
emission efficiency.4,20,24 Our calculations reveal that the
surface of the QD catalyzes the partial deprotonation of the
thiols, leading to the formation of the network where the
proton is shared between the ligand and the QD surface. In
addition, the interaction between the thiolate and the QD is
much stronger than that between the protonated species, while
attachment of the proton to or sharing with the QD surface
further increases the QD/thiolate interaction. This implies that
even in neutral or weakly acidic solutions, deprotonation of the
thiol occurs with attachment (or sharing) of the proton to the
QD surface, while the conversion back to the protonated
species is not thermodynamically favorable. As such, the thiol/
thiolate equilibrium is shifted toward thiolates at any
conditions while also forming a network where the proton is
shared either between the ligand and the QD surface (surface
network) or between the neighboring thiolate (ligand
network).
In their deprotonated form, thiolates introduce hole trap

states inside the band gap of the QD, resulting in optically
inactive (or very weak) lowest energy transitions with the
ligand-to-QD charge-transfer character. This explains the
dramatic reduction in emission efficiency in thiol-passivated
QDs in basic solutions and at high concentrations favoring
deprotonated species.4,47,48 In the case of low thiol
concentration and polar solvents, however, the native
passivating ligands, such as primary amines, stabilize the
thiolate-originated hole states shifting them deeper to the QD’s
VB. Meanwhile, the interplay between the surface- and ligand-
network species eliminates electron trap states due to
passivating surface sulfurs with protons while also moving
the hole trap states away from the QD’s band gap. This results
in highly intensive lower energy transitions providing favoring
conditions for efficient emission at lower thiol concentrations
in acidic environments, which agree with experimental

Table 2. NTOs Representing the Electron−Hole Pair Contributing to the Lowest Optical Transition and the Next Most
Optically Active State of the (CdS)33 QD Fully Passivated by 21 Thiols (21-Thiol) and 21 Thiolate/H (21-Thiolate/H) in
ACN and PAM Solventsa

aThe oscillator strength of the transition is indicated in prentices.
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observables.4,20 However, high temperatures are expected to
facilitate the irreversible deprotonation of thiols by the QD
surface, so that the surface network is dominating. A high
thermodynamic stability of the deprotonated surface-network
species and their contributions to optically inactive hole states
rationalizes irreversible emission quenching and bleaching in
the CdSe/CdS QDs prepared by the HTCI method, when
exposed to high temperatures and/or intensive laser pulse.20

Thus, understanding the conditions governing the thiol/
thiolate equilibrium helps to interpret experimental data and
determine an optimal interplay between the thiolates and thiols
that eliminates hole trap states and favors emission in QDs.

4. METHODS AND COMPUTATIONAL DETAILS
All our calculations are based on the density functional theory (DFT),
as implemented in the Gaussian 16 software package.42 Both the
ground- and excited-state calculations are performed using the hybrid
functional PBE043 with a mixed basis set LANL2DZ44,45 applied for
Cd and S and 6-31g*46−50 applied for H, C, and N atoms. The
conductor-like polarizable continuum model51,52 is used to implicitly
include solvation effects for weakly polar PAM and highly polar ACN
solvents. This methodology has been previously applied in modeling
ground and excited-state properties of cadmium chalcogenide QDs by
our group16,19,28,30−32,36 and others29,34 showing qualitative agree-
ment with experimental studies. The ligand−QD binding energy is
computed by subtracting the energies of the noninteracting optimized
fragments (the pristine QD and the ligand) and the optimized ligand-
passivated QD. Negative values of the binding energy indicate
chemisorption of ligands at the QD surface, whereas positive values
occur for ligands that are weakly physisorbed at the QD surface.
We have investigated the effect of the basis sets and functionals on

the QD−ligand binding energy and the electronic structure of the
(CdS)33 QD with a single Thiol, Thiolate, and Thiolate/H, Figures
S12 and S13 in Supporting Information. In agreement with previous
literature reports,53 more extended basis sets used for ligands, such as
6-31+g* and 6-311+g*, reduce the QD−ligand interaction energy by
about 0.2 eV, while the long-range corrected functionals, such as
ωB97XD and CAM-B3LYP, stabilize the ligand−QD binding energy
by 0.15−0.35 eV, compared to the hybrid PBE0 functional.
Nonetheless, neither a choice of the functional nor the basis set
changes the qualitative trends in the strength of the thiol and thiolate
bindings to the QD: the deprotonation of the thiol results in a
stronger thiolate/QD interaction than the thiol/QD interaction. This
stability is further facilitated by the proton attachment to the nearest
sulfur at the QD surface (Thiolate/H). These trends are more
pronounced in less polar solvents, since a polar solvent screens the
QD−ligand interactions.
We also investigated the effect of the functional on the electronic

structure of studied systems, comparing the projected DOS (PDOS)
calculated by PBE0, ωB97XD, and CAM-B3LYP functionals, Figure
S14 in Supporting Information. As expected, both the states
associated with the QD and the states of the thiol and thiolate
ligands, as well as their relative alignment are insignificantly affected
by the functionals, exhibiting identical trends (see more extended
discussion in Supporting Information). As such, we conclude that our
choice of the PBE0 functional and LANl2DZ/6-31G* basis set is a
reasonable approach providing similar trends in both the ligand−QD
binding energies and the electronic structures of the studied systems
while taking less computational cost compared to more advanced
long-range corrected functionals and extended basis sets. It is also
important to note that while the used optimization procedure does
not guarantee a global minimum of obtained structures, the
consistency in the trends for structures in different solvents and
with different thiol concentration (one thiol/thiolate vs full
passivation), calculated by different functionals and basis sets, points
to a high stability of obtained structures. One can conclude that the
probability to get such structures is high enough to compete with
other possible conformations of QD samples at room temperature.

The absorption spectra are calculated using linear response time-
dependent DFT applying the same functional and the basis set as used
in the ground-state calculations. The obtained oscillator strengths and
transition energies are broadened by the Gaussian function with a line
width of 0.10 eV to reproduce a typical thermal broadening of the
absorption spectra.16 The emissive properties are estimated based on
the optical activity of the lowest singlet transition according to the
Kasha’s rule54 justified by the small Stokes shifts in QDs.55 It is well
known that the phonon-mediated interband carrier relaxation from
the initially excited state to the band edge states, including ligand-/
defect-associated states, happens at the picosecond range in small-size
QDs, which is much faster than emission (nanosecond range).18,28 As
such, it is reasonable to assume that emission takes place from the
lowest state if it is optically active (large oscillator strength), since
such radiative electron−hole recombination is much faster than
nonradiative recombination via intraband multiphonon processes.49

However, if the lowest state is optically weak or completely inactive,
such as surface/ligand trap states, it takes a much longer time for
electron−hole recombination allowing for nonradiative multiphonon
relaxation to compete and quench emission. As such, the oscillator
strength of the lowest transition (which is proportional to the
radiative time) could be used as an estimate of the emission efficiency
of the QDs. The nature of the excited states is characterized by natural
transition orbitals (NTOs)56 representing the electron−hole pair
contributing to the optical transition and visualized via VMD57 with
an isovalue of 0.02.
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