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ABSTRACT: Cadmium selenide nanomaterials are very impor- Adsorption Electronic properties  Thermal/solvent effects
tant materials in photonics, catalysis, and biomedical applications e PDOS Band Gap
due to their optical properties that can be tuned through size, e/ 319006/
shape, and surface passivation. In this report, static and ab initio T
molecular dynamics density functional theory (DFT) simulations . NMNW\ .‘[ 1l
are used to characterize the effect of ligand adsorption on the — T
electronic properties of the (110) surface of zinc blende and T PDOS P
wurtzite CdSe and a (CdSe),; nanoparticle. Adsorption energies . . :
depend on ligand surface coverage and result from a balance ¥y ?;;.‘Qi»,: 2882006 ’
between chemical affinity and ligand—surface and ligand—ligand t o n ¥y A il
dispersive interactions. In addition, while little structural =

reorganization occurs upon slab formation, Cd--Cd distances Band gap tuned by capping ligands, solvent and thermal effects

become shorter and the Se—Cd—Se angles become smaller in the

bare nanoparticle model. This originates mid-gap states that strongly influence the absorption optical spectra of nonpassivated
(CdSe)s;. Ligand passivation on both zinc blende and wurtzite surfaces does not induce a surface reorganization, and thus, the band
gap remains nonaffected with respect to bare surfaces. In contrast, structural reconstruction is more apparent for the nanoparticle,
which significantly increases its highest occupied molecular orbital (HOMO)—lowest unoccupied molecular orbital (LUMO) gap
upon passivation. Solvent effects decrease the band gap difference between the passivated and nonpassivated nanoparticles, the
maximum of the absorption spectra being blue-shifted around 20 nm by the effect of the ligands. Overall, calculations show that
flexible surface cadmium sites are responsible for the appearance of mid-gap states that are partially localized on the most
reconstructed regions of the nanoparticle that can be controlled through appropriate ligand adsorption.

Bl INTRODUCTION and this influences their electronic structure, which can result
in the presence of hole traps and electronic states in the band

Semiconductor low-dimensional materials (e.g., quantum dots,
gap that ultimately impact the optical properties, often in an

two-dimensional (2D) single- or few-layered sheets) exhibit

different electro-optical properties with respect to their bulk undesired manner. In this context, surface passivation appears
counterparts."”” This has already been exploited in electronic as a suitable strategy.”” This passivation can be achieved either
and photonic devices and biological and catalytic applica- by the effect of capping ligand530_33 or by adding a shell of an
tions.” ' The enhancement of quantum mechanical effects inorganic material exhibiting a larger band gap, thus containing
through spatial confinement and the increase in surface— the photoprocess in the core.”*™*

volume ratio lie behind these novel properties.z’15 Nanoma- A wide range of ligands has been used for surface
terial composition, structure, size, shape, and surface chemistry passivation. Within the large set of ligands already used, the
determine its potential applications, which can be further following groups can be distinguished (Scheme 1): (a)
tailored through various synthetic methods;'°~*? in this regard, phosphines and phosphine oxide ligands, such as trioctylphos-
low-dimensional CdSe structures have garnered special phine and trioctylphosphine oxide; (b) amines and amino-

attention.”' ~** Waurtzite and zinc blende CdSe are the most
frequently studied polymorphs. Nanofabrication involving
either polymorph requires great control of their growth and
surface chemistry to adequately tune their chemical and -
electro-optical properties.”' ~>’ Received: January 16, 2023
Despite the control of the optical properties that can be AccePted: March 7, 2023

achieved through detailed control of the size, shape, and Published: March 17, 2023
structure of the nanoparticle, quantum dot surface chemistry

has emerged as an additional way to tune material proper-

ties.”'7?®* Most of the surface atoms are undercoordinated,

acids, as is the case of dodecylamine; (c) phosphonic and
carboxylic acids, including octylphosphonic, oleic, stearic, or 3-
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mercaptopropionic acids; and (d) alcohols and thiols, for
which decanethiol is the most relevant example. The nature of
the capping ligand is important, as it can modify the emission
wavelength and/or luminescence quenching.”'>'” Under-
standing the capping ligand interaction and how this
interaction influences the adsorption energy and the electronic
structure of the surface is of crucial importance for the
development of new materials with improved og)tical roper-
ties, and in this context, many e erimenta]'**02830,92,:39—42
and computational contributions™”*'~"* have been reported in
the literature.

Density functional theory (DFT) calculations have been
carried out to obtain atomistic insights into the ligand—
quantum dot surface interaction and how this surface
passivation modifies the electronic structure of the material.
The influence of surface passivation on the optical properties
of the nanomaterial has been examined mainly through three
different approaches: (i) analysis of the density of states and/
or highest occupied molecular orbital (HOMO)—lowest
unoccupied molecular orbital (LUMO) energy difference to
determine the effect of the ligands in the band
gap; 0L (i) time-dependent (TD)-DFT calculations,
which allow determining the maximum adsorption and
emission wavelength of the nanoparticle in the presence/
absence of a particular ligand;41"“"4'9’54’55’”’6l’64 and (iii) the
radiative/nonradiative exciton decay mechanisms and their
impact on, for instance, photoluminescence quenching.’”*®
Both slab®”’**~*° and nanoparticle mod-
elg* 124770163 706,08,69,71775 have already been used in the
literature. Indeed, periodic slab models have been used in the
characterization of ligand adsorption on selected facets, albeit
at the cost of forgoing finer details present in the structure of
nanoparticles.””*~** Regarding the modeling with clusters
and nanoparticles, much effort has been centered on
nanoparticles with up to 30 CdSe units, with Cd,;Se;; being
one of the most employed,*"*” ™" as it has been reported to be
a significantly stable cluster according to mass spectrometry
experiments.’® Recently, larger nanoparticle models have been
employed by different groups,™'~***%**=7% which allowed
representing the actual size of quantum dots in a more realistic
manner as well as analyzing the role of different ligands.

The appearance of trap states on the edges of the band gap
region seems to be linked to surface defects with incomplete
passivation.””%””* In this context, most of the calculations with
a small nanoparticle model (i.e,, (CdSe),;) agree with the fact
that the adsoggtion of capping ligands modifies the band

gap, "9 739% thus leading to shifts in the emission

wavelength when compared to ligand-free models. In contrast,
controversy exists on calculations performed with larger
models. That is, while there is a consensus that both anionic
and neutral ligands modify the band gap of large non-
stoichiometric nanoparticles,éo’69 the role of neutral ligands on
stoichiometric models is less pronounced.””®"**%* In this
context, the inclusion of thermal effects on these larger models
through ab initio molecular dynamics has been shown to be
important for better representing the nanoparticle—ligand
interface®”*>*® and particularly identifying the increase of the
band gap upon capping ligand adsorption.”” Finally, the
presence of ligands influences the localization of the frontier
orbitals,” and it can increase material luminescence through
two effects: first, it decreases the rate constant of the
nonradiative decay, and second, the presence of electronic
states delocalized both on the material surface and the ligand
enables new channels for the radiative decay from the excited
state.”

In this contribution, we use zinc blende and wurtzite slabs as
well as a (CdSe);; nanoparticle model to analyze ligand
adsorption of small and large models of the most common
capping ligands (phosphonic and carboxylic acids, amines,
alcohols, and thiols) and its effect on the electronic properties
of the material. For that, we analyze for both polymorphs the
intrinsic ligand—surface interaction, together with ligand—
ligand stabilizing dispersive interactions. Moreover, we
describe the importance of thermal effects through ab initio
molecular dynamics (AIMD) simulations. To the best of our
knowledge, none of the previous contributions included at the
same time such a variety of ligands, both surface and
nanoparticle models, and the analysis of thermal effects.
Results show that ligand adsorption is stronger on zinc blende
than that on wurtzite and, regardless of the CdSe polymorph,
phosphonic acids and amines interact more strongly with the
surface than carboxylic acids, alcohols, and thiols. The impact
of ligand adsorption on the electronic structure of the material
is determined to be low in rigid systems, such as in crystalline
periodic surfaces, yet significant in small nanoparticles. This is
related to the different surface reconstructions of the slab
models and the nanoparticle in the presence/absence of
capping ligands and the appearance/disappearance of mid-gap
states on the nanoparticle.

B COMPUTATIONAL DETAILS

All calculations were carried out with the VASP code,
which performs three-dimensional (3D) periodic calculations
using plane wave-based basis sets. Therefore, regardless of the
dimensionality of the model (3D, 2D, or zero-dimensional
(0D)), calculations include periodicity in the three directions.
For 2D and 0D systems, the lattice parameters used guarantee
a distance between the most external atoms of the images of at
least 10 A in the nonperiodic directions. For the slabs, the ¢
value is 30 or 40 A depending on the length of the alkyl chain
of the ligand. In addition, the (CdSe);; nanoparticle and the
associated capped models are included in a 35 A large cubic
box (see below).

Models. The ligand adsorption on CdSe and its effect on
the band gap were modeled with both slab and finite
nanoparticle model approaches (Figure 1). Regarding the
slab models, two different surfaces were considered: stoichio-
metric (110) zinc blende (ZB) and stoichiometric (110)
wurtzite (WZ) surfaces, i.e., the two nonpolar stoichiometric
surfaces presenting lower surface energies. Layer-wise surface

77,78
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Figure 1. Optimized structures for the unit cells of (110) wurtzite
(WZ) and (110) zinc blende (ZB) and for the (CdSe); nanoparticle
model. Cadmium atoms are in gray and selenium atoms are in orange.

energy convergence was used to select slab thickness for both
ZB (110) and WZ (110) surfaces (see Figure S1 in the
Supporting Information). The role of the CdSe polymorph was
analyzed with (3%3) and (2x2) supercells of the (110) ZB and
(110) WZ surfaces to ensure the absence of lateral interactions
between ligands. Moreover, the importance of ligand coverage
on the adsorption energy and the band gap structure was
analyzed on the smallest (110) ZB and (110) WZ (1x1)
surfaces. Additionally, one nanoparticle model constructed
from wurtzite and already used by several authors was also
considered.””"*>+%%72=7* The model is obtained by spheri-
cally cutting an extended wurtzite-like crystalline bulk as
detailed in previous works.”’ This model includes 33 CdSe
units, corresponding to one of the clusters identified by mass
spectrometry.”® Moreover, the nanoparticle model has 27
surface and 6 internal Cd centers, thus it presents 27 vacancies,
each being initially saturated with one capping ligand in the
calculations representing the full coverage of the nanoparticle.
During structure optimizations, all atoms were allowed to relax
both on the slab and nanoparticle models; cell parameters were
kept fixed in all cases.

The effect of the ligand structure was analyzed by
considering four groups of ligands as summarized in Scheme
2: (a) carboxylic acids, (b) phosphine oxides and phosphonic
acids, (c) amines, and (d) alcohols and thiols. In each group,
small—large pairs of ligands were considered. In the small
models, the alkyl chain is CH;CH,— (C2), whereas the largest
species has CH;—(CH,)o— as an alkyl chain (C10), with few
exceptions. Additionally, in the case of the amines and the
phosphonic acids, the more sizeable triethyl amine and
triethylphosphine oxide ligands were included to analyze how
the ligand's steric effects may influence ligand coverage on the
surface.

Level of Theory. Geometry optimizations were carried out
at the density functional theory (DFT) level using the
Perdew—Burke—Erzernhof (PBE) exchange—correlation func-
tional”” along with Grimme’s D2 dispersion®’ correction as

Scheme 2
(a) Carboxylic Acids (b) P containing complexes
OH HO_ o
W Co-COoH \/\/\/\/\ \// C8-P(OH):0
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implemented in VASP 5.4. PBE-D2 was used recently in our
research group and shown to give cell parameters closer to
experiments than PBE-D3.°"*" Spin-polarized calculations
were performed for bulk and pristine surfaces to successfully
confirm the absence of magnetization. Therefore, all other
systems and the results reported hereafter are based on non-
spin-polarized calculations. The atomic ionic cores were
represented with projector augmented wave (PAW) pseudo-
potentials®>** and the valence electrons were represented with
a plane wave basis set with a 500 eV cutoff. For each system,
different Monkhorst—Pack® reciprocal space k-point grids
were employed depending on cell dimensions to ensure
efficient cost—accuracy simulations (Figures S2 and S3 in the
Supporting Information). The nanoparticle model was
computed at the I" point due to its nonperiodic nature. For
the zinc blende (110) slab, 2x2x1 and 8X8X1 meshes were
employed for ZB(3%3) and ZB(1x1) cells, respectively. For
the wurtzite (110) facet, 2X2X1 and 4X4X1 meshes were used
for WZ(2x2) and WZ(1x1), respectively, owing to its larger
unit cell parameters. Bader charge analysis*>"*” was performed
to analyze charge transfer between ligands and the CdSe
material.

Since generalized gradient approximation (GGA) func-
tionals tend to underestimate semiconductor band gaps, two
main strategies have been proposed to overcome this
limitation: (a) the use of hybrid functionals and (b) the
inclusion of Hubbard’s correction (U). For the case of CdSe,
the hybrid PBEO density functional has been shown to be
appropriate,””>® and also, other authors applied Hubbard's
correction with success.®® In this context, we decided to
analyze the optical properties of the different CdSe-based
materials using three different levels of theory: PBE, PBE-U,
and PBEQ. For that, we first calibrated the U, value following
the Dudarev et al. scheme® by trying to reproduce the band
gap of CdSe zinc blende bulk. We found that a U of 14 eV at
Cd d orbitals was necessary to obtain reasonably accurate band
gaps (see Figure S4 in the Supporting Information). We also
analyzed the dependence of the band gap on the Monkhorst—
Pack mesh density (Figures S2 and S3 in the Supporting
Information) and found that 32x32 X 32 and 32X 32 X 1
meshes for the bulk and surface models, respectively,
warranted band gap convergence with respect to Brillouin
zone representation. Unfortunately, such dense Monkhorst—
Pack meshes are impractical with PBEQ, which requires sparser
grids. Results for ZB and WZ bulk and surfaces as well as the
(CdSe); nanoparticle using PBE, PBE + U, and PBEQ at the
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PBE-D2 optimized geometries are reported in Table 1 (and
Table S1 in the Supporting Information (SI)).

As expected, PBE values are systematically lower than PBEO
and PBE-U values. However, while the difference between PBE
and PBEO with the same number of k-points is constant
(1.42—1.47 eV) regardless of the material considered, the
difference between PBE and PBE-U decreases significantly
with the decrease of material dimensionality. Moreover,
experimental data for (CdSe),; suggest that the band gap of
this cluster should be around 3.0 eV,”® something that is not
well reproduced with PBE-U. This so large Uy value also
modifies the orbitals contributing to the valence and
conducting bands, the contribution from cadmium 4d orbitals
to the conduction band becoming not negligible. Therefore,
our data suggest that PBE-U is not a good strategy for
analyzing the electronic structure of CdSe nanoparticles and
should be avoided in these kinds of systems. So, our best
estimated band gap values (BEV) are obtained by adding 1.45
eV (mean difference between PBE and PBEOQ values with the
same number of k-points) to PBE band gaps with the larger
number of k-points.

In addition, we analyzed the effect of solvent on the band
gap by including it implicitly with VASPSOL.”® We consider
water solvent as the limiting case, but test calculations with
toluene and acetonitrile (Table S2 in the Supporting
Information) show that the effects observed with water (see
below) can be tuned by modifying solvent polarity.

Thermal effects on the full coverage nanoparticle
[(CdSe)s3—Ly;](L = capping ligand) models were taken into
account by performing NVT ab initio molecular dynamics. A
Nosé—Hoover thermostat, set at 300 K, was used.”"”” An
optimized structure for each capping ligand was taken as the
initial structure in a 0.5 ps equilibration simulation. Once
thermalization ensued, 1000 steps (1 ps) of AIMD were used
for clusterization. This clusterization was performed with the
algorithm provided in UCSF Chimera” and considering the
Cd center distribution. The most representative structures
resulting from clusterization were used to analyze the thermal
effects on full coverage nanoparticle optical properties.

Finally, to further analyze the optical properties of the
(CdSe),; passivated and nonpassivated nanoparticles, we
performed TD-DFT calculations on structures obtained during

Table 1. Band Gap Energies (in eV) for Zinc Blende (ZB),
Wartzite (WZ) Bulks, ZB (110) and WZ (110) Pristine
Surfaces, and (CdSe),; Nanoparticle Model Computed with
Different Levels of Theory. BEV Stands for Best Estimated
Value

PBE PBE-U PBEO BEVZ
ZB 0.66" 1.56 2.497 2.08
WZ 0.78% 1.65¢ 3.097 224
(110)zB 1.21° 1.92° 2.99° 2.66
(110)WZ 134" 2.01° 3.28" 2.79
(CdSe)s; 1.61¢ 1.76° 3.08° 3.06

“Band gaps obtained with a 32X%32X32 k-point mesh. *Band gaps
obtained with a 32X32X1 k-point mesh. “Band gap at the I" point.
“Band gaps obtained with an 8X8X8 k-point mesh. “Band gaps
obtained with an 8x8x1 k-point mesh. /Band gaps obtained with a
4Xx4X1 k-point mesh. ®Best estimated value is obtained by adding the
difference between PBE and PBEQ with the number of k-points used
in the optimization to the PBE value with the largest number of k-
points. BEV stands for best estimated value.

11470

the AIMD simulation at the PBEQO level of theory as
implemented in the Gaussian 16 package.” Atoms were
represented with def2-SVP basis sets’> and the corresponding
pseudopotentials.”® Solvent effects were included with the
CPCM continuum model”””® and considering water as the
solvent. The reported absorption spectra are obtained by
considering three representative structures of the AIMD
simulation: (i) the structure presenting the lowest band gap;
(ii) the structure with the highest band gap; and (iii) the
structure with the closest band gap to the weighted average
value. In each case, we considered the first 10 excited singlet
states, and the intensity is computed considering both the
oscillator strength and the number of structures of each cluster.
To ensure that our approach is reasonable, Figure S5 compares
the absorption spectrum of the nonpassivated nanoparticle in
vacuum considering the representative structure of all clusters
arising from the dynamics with that considering the extrema
exclusively, and the results are reasonably similar.

B RESULTS AND DISCUSSION

Results are organized into four subsections. We first character-
ize the pristine structures of zinc blende and wurtzite CdSe
bulk, the associated main stoichiometric surfaces, and the
(CdSe);; nanoparticle model. In the second stage, we analyze
the intrinsic ligand—material interaction and the corresponding
adsorption energy on the slab at low coverages. We considered
the ligands reported in Scheme 2 and the largest supercell of
each surface. We paid attention to the role of the functional
group of the capping ligand, the chain length, and the structure
of the material. Afterward, we study the adsorption of the
ligands considering full coverage to determine the cooperative/
competitive effects and the ligand—ligand interactions. Finally,
we discuss the band gap shifts induced by the presence of a full
layer of ligands on the surface of the slabs and the nanoparticle
model. We first present the results from static calculations in
vacuum, and then we consider the influence of solvation and
thermal effects on the band gap.

CdSe Bulk, Surfaces, and Nanoparticles. The structural
properties of bulk zinc blende and wurtzite CdSe, the largest
optimized pristine (110) zinc blende and (110) wurtzite
surfaces (ZB(3%3) and WZ(2x2), respectively) and the
(CdSe);; nanoparticle model are examined first. Table 2
summarizes the cell parameters and the Cd—Se and Cd---Cd
distances; Figure 1 shows the optimized structures.

Table 2. PBE-D2 Cell Parameters and Cd—Se Distances (in
A) for Zinc Blende and Wurtzite Structures and the (110)
Main Crystallographic Facet of Each Polymorph”

model cell parameters d(Cd—Se) d(cd—cd)
wz a = 4.394 (4299) 2.648 4322
¢ =7.171 (7.010)
ZB a = 6022 (6.017) 2.647 4323
b = 6.022 (6.017)
WZ (110) a = 14.095 2.590°/2.660° 3.818
b = 14.936
ZB (110) a=8623 2.6122/2.657° 3712
b =12.195
Cdy:Sess 2.677°/2.667° 3.16/3.42

“X-ray-determined values are added in parenthesis. “Surface atoms.
“Internal atoms.
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Table 3. Surface Cd—Capping Ligand X Distances (in A) and Adsorption Energies (in kJ] mol™) on (110) Zinc Blende and

(110) Wurtzite Surfaces”

low coverage

full coverage

ZB(3x3) WZ(2x2) ZB(1x1) Wz (1x1)®
type ligand d(Cd—X) AE d(Cd-X) AE d(Cd—X) AE d(Cd—X) AE
R—-CO,H C9-CO,H 2415 —83.2 2.446 —63.2 2415 —113.5 2.534/2.472 —99.7
C1-CO,H 2.400 —81.1 2417 —70.1 2425 792 2.432/2.427 -73.1
R—P(X),0 C8—P(OH),0 2287 —111.7 2.309 —-97.7 2.301 —106.6 2.574/2.610 —144.47
C2P(OH),0 2292 —125.9 2.330 —94.4 2.501 -852 2.396/2.524 -129.3
(C2),—PO 2297 —~1302 2.305 —123.1
R-NX, C10-NH, 2353 —112.7 2.380 —-99.6 2.427 —141.3 2.397/2.403 —134.7
C2-NH, 2363 —-117.3 2.364 -107.0 2.386 —-111.0 2.395/2.389 -105.2
(C2),-N 2.550 —49.6 4177 —54.1
R-OH H-OH 2.447 —62.7 2.485 —-61.3 2.499 —66.2 2.474/2.489 —58.6
C10—-OH 2397 —80.2 2412 —65.3 2.631 —-109.3 2.463/2.477 —-114.0
C2—OH 2405 —-83.0 2.428 —74.4 2.486 —81.1 2.464/2.473 —75.7
R-SH C10-SH 2.730 —~76.0 2.745 —65.0 2815 —112.6 2.851/2.790 —-100.5
C2-SH 2.722 -73.0 2.769 —66.1 2.813 —85.7 2.811/2-800 —75.3

“Low and full coverage of the ligands are considered. Only the most stable configuration is reported. “The unit cell is too small to accommodate
the ligands in the full coverage situation. 9The most stable adsorption mode for C8—P(OH),O differs from all other situations.

PBE-D2 optimizations lead to cell parameters that are very
close to the experimentally determined values for ZB and WZ.
Indeed, the largest deviation is 0.16 A for the largest ¢ value of
wurtzite. Furthermore, the computed Cd—Se and Cd—Cd
distances in ZB and WZ bulk are in very good agreement with
experimental values (see Table 2). Overall, this indicates that
the methodology used is accurate enough for structure
characterization. The Cd—Se of the slab models is similar to
that of bulk, with major differences observed only for the
surface atoms. This leads to a shorter surface Cd--Cd distance
of about 3.7-3.8 A. In contrast, a large reorganization is
observed on the nanoparticle model, particularly at the surface,
where several Cd—Cd interactions with much smaller distances
and smaller Se—Cd—Se angles are observed (Table 2).

Bader charge analysis (Table S3 in the Supporting
Information) provides very similar values both for ZB and
WZ CdSe bulk. These charges are not homogeneous in the
slab models. The outermost Se and Cd atoms present a lower
charge separation (—0.66 in ZB (110) and WZ (110)) than
the inner centers, whose values are closer to those of the bulk
(=0.71 and -0.72 for ZB and WZ bulk structures,
respectively). Consistently, Se atoms are Lewis bases and Cd
atoms are Lewis acids, and as such ligands preferentially bind
to surface Cd sites.

Low Surface Coverage Ligand Adsorption. Adsorption
of capping ligands occurs mainly by the interaction of the basic
heteroatom of the ligand with Cd surface atoms (perpendicular
adsorption). At low coverages, an alternative adsorption mode
in which the capping ligand alkyl chain interacts with the
surface through dispersion interactions is also plausible
(parallel mode). First, we evaluated the intrinsic interaction
between the ligand and the surface; that is, we considered large
zinc blende (3 X3) and wurtzite (2X2) surface models to avoid
lateral ligand interactions. We considered the different
adsorption modes (perpendicular and parallel) for all ligands
shown in Scheme 2. Table 3 summarizes the Cd—capping
ligand distance and the adsorption energies on ZB(3%3) and
WZ(2%2) through the perpendicular mode. Figure 2 shows
the optimized structure for the perpendicular adsorption of the
smaller ligand of each type. All other structures can be found in
the Supporting Information (Figures S6—S12).
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Figure 2. Low-coverage ligands adsorbed on WZ22 (left) and ZB33
(right), including (a) acetic acid, (b) ethylphosphonic acid, (c)
trimethylphosphine oxide, (d) ethylamine, (e) ethanol, and (f)
ethanethiol.

The adsorption through the perpendicular coordination
mode takes place in a very similar manner regardless of the
ligand type. The ligand adsorbs through the coordination of
the X atom to Cd, the Cd---X distances varying between 2.287
and 2.769 A. According to Bader charge analysis (Table S4 in
the Supporting Information), the interaction is electrostatic
with negligible charge transfer. However, the alkyl chain is in
all cases slightly tilted due to dispersive interactions between
the alkyl chain and the surface. A comparison between the
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different types of ligands shows that for the two surfaces, the
shortest Cd---X distances correspond to the phosphonic acid
and phosphine oxide type species, whereas the largest values
are obtained for thiols. Furthermore, R—SH and R—OH
ligands can additionally form hydrogen bond contacts with the
surface selenium atoms. However, the H---Se distance varies
from 2297 to 2.992 A, showing that hydrogen bonding
between the ligands and the surface is weak. Moreover, we
explored the possibility of proton transfer between these
ligands and the surface, but most attempts evolved toward the
molecular form and when we succeed to obtain the dissociated
form, this structure lies very high in energy. The parallel
adsorption mode presents systematically larger Cd---X
distances (by around 0.02 A). The alkyl chain and the surface
distances are around 3—4 A, indicative of an alkyl chain—
surface dispersive interaction. Overall, the local Cd---X
interaction is weakened to reinforce the alkyl chain—surface
dispersion.

The adsorption energies through the perpendicular mode
range between —130.2 and —61.3 kJ mol ™", with the exception
of (C2);N that presents lower adsorption energies (in absolute
value) as a consequence of the absence of a direct N---Cd
interaction. Comparison between the computed values allows
establishing the three following trends. First, the adsorption
energy of the small and large analogous ligands differs by less
than 13.0 kJ mol ™/, with most cases being between 1.3 and 6.6
kJ mol™". This suggests that lateral interactions are negligible
and thus no dispersion interactions between alkyl chains exist
in these large supercells. Second, the strongest adsorption
energies are computed for phosphonic acid, phosphine oxide,
and primary amine ligands, and the weakest are associated with
carboxylic acids, alcohols, and thiols. The specific ordering for
the lighter models is (C2);PO > (C2)P(OH),0 ~ (C2)NH,
> (C1)COOH ~ (C2)OH ~ (C2)SH, in agreement with the
proton affinity trends of the different ligands that can also be
classified in these two major groups (Table SS in the
Supporting Information). Third, the adsorption energies on
the zinc blende surface are systematically higher than those
computed on the wurtzite slab by about 30.2—5.8 kJ mol™
(most values range from 10.9 to 15.1 kJ mol™"). These higher
adsorption energies for ZB are attributed to larger surface—
ligand dispersive interactions due to surface morphology.
Indeed, while the adsorption energies without Grimme's
dispersion term are very similar for both surfaces, the
dispersive contribution to the adsorption energy is 11.1-25.0
kJ mol ™" larger in ZB than that in WZ (see Table S6 in the SI).

The adsorption energies through the parallel mode range
between —142.6 and —87.7 k] mol™" (see Table S7 in the SI)
and they are systematically higher than those of the
perpendicular mode. Thus, despite the fact that this adsorption
mode implies a decrease in the direct Cd--X interaction
(enlargement of the Cd—X distance of about 0.1—-0.4 A), it is
compensated by the alkyl chain—surface interaction through
dispersion. In this context, results suggest that at low
coverages, ligands will mainly adopt a conformation that
maximizes the interaction of the alkyl chain with the surface,
regardless of the functional group.

Full Surface Coverage Ligand Adsorption. Once the
main factors determining the intrinsic ligand—CdSe surface
interaction are determined, we address the ligand full coverage
defined as the adsorption of one ligand per surface cadmium
cation. This is the model that best reproduces the experimental
conditions and represents ligand—ligand interactions. We used
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the smallest (110) WZ (1x1) and (110) ZB(1x1) cells, which
enclose two and one cadmium surface cation, respectively.
Table 3 reports the adsorption energies of the most favorable
conformation for all ligands shown in Scheme 2. Figure 3
shows the optimized structures for all considered conforma-
tions for the decanoic acid, decanol, and decanethiol. Note that
for the case of the (110) WZ (1x1) surface, we explored
different ligand adsorption modes to determine how the
interaction between two ligands that are not related by
translational symmetry may affect the adsorption on the
surface.

The ligand adsorption on the (110) ZB (1X1) surface takes
place through the perpendicular mode similar to the

Figure 3. Optimized structures of the different conformations
resulting from full coverage ligands adsorption on the WZ (1x1)
surface: (a) decanethiol, (b) decanol, and (c) decanoic acid.
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perpendicular mode of the isolated ligands. The only
exceptions are (C2);PO and (C2);N ligands, which are too
large to fit inside the (110) ZB (1x1) unit cell. This outlines
that these two ligands and their associated families (phosphine
oxides and tertiary amines) are not suitable for saturating all
cadmium vacant sites. The Cd---X distance in the full coverage
is akin to that of the low coverage, albeit slightly larger in
general. The Cd---X distance trends are the same as those
observed for the isolated systems ((C2)P(OH),0 < (C2)NH,
< (C1)COOH < (C2)OH < (C2)SH). This suggests that the
ligand—surface interaction is similar to that in the low-coverage
simulation with minimum competitive effects. As a conse-
quence, the adsorption energies can again be divided into the
same two groups as in the low-coverage scenario: those of
phosphonic acid and amine ligands, which are systematically
adsorbed more strongly for a fixed alkyl chain length, and those
of carboxylic acids, alcohols, and thiols. The adsorption
energies at full coverage for the smallest C2 models on ZB
are in general close to those of the low coverage, the largest
deviation being between —10.0 and +12.7 k] mol™". In
contrast, the adsorption energy for the largest models is
systematically larger than the value for the low coverage by
about 30 k] mol™" (range 28.6—36.6 k] mol™'). Since the Cd---
X distance does not vary significantly, this arises from the
dispersive stabilizing ligand—ligand interactions, which are
particularly important in the large models. Indeed, calculations
for several thiols with increasing alkyl chains show that the
ligand—ligand stabilizing interaction increases by about 5.2 kJ
mol™" per CH, (Figure S13).

In the case of the (110) WZ surface, the presence of two
ligands per unit cell gives rise to a larger configurational
variability. That is, for thiols, alcohols, and amines, we have
identified two different modes of adsorption: one in which the
two ligands interact with cadmium atoms, and another one
where one ligand is directly adsorbed on the surface, while the
latter is hydrogen-bonded to the former (Figure 3a,b).
Meanwhile, for carboxylic and phosphonic acids, there are
five potential different coordination modes depending on
whether the adsorption of each ligand takes place through the
=0 group or the OH and the number of ligands directly
adsorbed (1 or 2). However, some of these possibilities were
not stable and during the optimization evolved to one of the
other conformations (Figure 3c). In all cases, the most stable
configuration is that where the two ligands interact with the
surface, although the configuration where one ligand is
desorbed, and hydrogen bonded with the other ligand has an
adsorption energy per ligand that is only between 3.1 and 17.4
kJ mol™" lower in absolute value (adsorption energies for all
conformations are reported in Table S8 in the Supporting
Information). Moreover, for the acids, the preferred adsorption
mode is through the =0 group by at least 5.5 k] mol™" per
ligand. Finally, as for ZB, adsorption energies for the long-
alkyl-chain ligands are systematically larger by 35—50 k] mol ™"
due to ligand—ligand interactions. This increase is larger than
in ZB due to a shorter surface Cd---Cd distance in WZ, which
favors lateral dispersive interactions. As a result, adsorption
energies on ZB and WZ at full coverages become more similar.

Optical Properties. As mentioned in the introduction,
CdSe quantum dots show excellent optical properties for a
large variety of applications such as optical devices, photo-
catalysis, and biomedical diagnosis.”~"* Ligand passivation can
tune the electronic structure of the material; thus, we analyzed
how the adsorbed ligands modify the band gap for the slab
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models and the (CdSe);; nanoparticle at full coverage. Table 4
reports the band gap of the pristine (110) ZB and (110) WZ
slab models, and the pristine (CdSe);; nanoparticle as well as
those of the passivated systems with the smaller model of each
type of ligands considered. Figure 4 shows the projected
density of states (pDOS) of the pristine materials (bulk,
surfaces, and nanoparticle) and the pDOS of (CdSe),; capped
with 27 ethanethiol molecules (Cd;;Se;;-27EtSH), centered
around the band gap region.

The estimated band gap energies of the pristine models vary
between 2.08 and 3.06 eV depending on the model (bulk, slab,
or nanoparticle) and the polymorph considered. The band gap
for ZB bulk is 0.12 eV smaller than that of the WZ
polymorph.””**~'°" This agrees with the lower band gap
experimentally determined for ZB, albeit both absolute band
gaps are 0.3—0.4 eV higher than those determined
experimentally. The band gap energies of the slab models
and the (CdSe);; nanoparticle are higher than those of the
bulk structures, consistent with a decrease in the dimension-
ality of the system. The projected density of states (pDOS)
indicates that the valence band for all materials is mainly
formed by selenium 4p orbitals, while the conducting band has
contributions of both cadmium Ss and selenium 4p orbitals.
Due to the different dimensionalities of the systems, the
conducting and valence band edge states appear at different
energies for each system. However, when referenced to the
Fermi level, the pDOS of bulk and slab models are relatively
similar and none of them presents mid-gap states (Figure 4a—
d). In contrast, the pDOS of the nanoparticle model (Figure
4e) is significantly different and is characterized by the
presence of mid-gap states. The presence of these mid-gap
states arises from the nanoparticle reconstruction that leads to
short Cd--Cd distances and small Se—Cd—Se angles.

Adsorption of capping ligands on both ZB and WZ surface
models does not significantly alter the band gap, with almost all
differences being within 0.04 eV. This is linked to a lowly
reorganization of the surface Cd--Cd distances. In contrast,
adsorption on the nanoparticle induces an increase of the band
gap by at least 0.2 eV. In particular, the computed value for
(CdSe);3—(C2—NH,),; is 3.44 eV in reasonable agreement
with the reported adsorption spectrum of this cluster with
decylamine in toluene (4 = 415 nm).”® Indeed, the band gap
obtained from calculations correctly accounts for the differ-
ences between the materials studied here, but it is 0.4 eV
higher than that of the experiments as already found for bulk
materials. Remarkably, TD-DFT calculations (Table S9 in the
Supporting Information) at the PBE0/def2-SVP level of theory
suggest that the experimental and computational discrepancy
does not arise from the selected functional but from the fact

Table 4. Best Estimated (See the Computational Details
Section) Band Gap Energies in the Gas Phase and Water (in
eV) for Pristine and Passivated Slab and Nanoparticle
Models

ZB (110) WZ (110) (CdSe)s3
Gp water Gp water Gp water
pristine 2.66 2.67 2.79 2.84 3.06 343
C2-COOH 2.64 2.60 2.81 2.77 3.25 3.49
C2—-NH, 2.65 2.58 2.82 2.76 3.44 3.51
C2-OH 2.56 2.5 2.83 2.83 3.30 343
C2-SH 2.70 2.65 2.83 2.79 342 349
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Figure 4. Projected density of states (Cd blue line, Se red line) of
wurtzite (a) and zinc blende (b) bulk, the main (110) wurtzite (c)
and zinc blende surfaces (d), the (CdSe),; nanoparticle model (e),
and the (CdSe);; nanoparticle with 27 C2—SH ligands adsorbed on
its surface (f).

that we are analyzing the band gap instead of the optical
transitions. The band gap increase is related to the displace-
ment of the mid-gap states to higher values with respect to the
Fermi Level due to the interaction between the nanoparticle
and the capping ligand (Figure 4).

The inclusion of solvent effects at the gas-phase-optimized
structures using an implicit continuum model has little
influence on the band gap of pristine and passivated surfaces
(£0.06 eV). Consequently, the computed band gaps with and
without surface passivation are very similar and suggest that in
the absence of surface reconstruction, neither solvation nor
ligand passivation tunes the band gap. On the other hand,
solvent effects have a large influence on the band gap of the
pristine nanoparticle that becomes 3.43 eV in water solution
(3.06 eV in the gas phase). The presence of ligands passivating
(CdSe); diminishes the influence of the solvent regardless of
the nature of the ligand, and thus, the band gap of the
passivated nanoparticles only increases by about 0.1-0.2 eV.
Overall, the band gaps of the nonpassivated and passivated
nanoparticles become very similar in water. Similar trends are
found when considering less polar solvents (acetonitrile or
toluene, Table S2 in the Supporting Information), but the
effect is less pronounced.

Finally, since the results obtained from static calculations
show that the band gap of the nanoparticle is very sensitive to
solvation as well as its structure, subtle changes associated with
thermal effects may influence the band gap and the role of
capping ligands. To evaluate these thermal effects, ab initio
molecular dynamics calculations have been performed for the
five nanoparticle models: pristine CdSe;;, CdSes;—
(C2COOH),,, CdSey;—(C2NH,),,, CdSe;;—(C20H),,, and
CdSey;—(C2SH),;. For each trajectory, clusterization based on
the cadmium centers has been performed and the band gap of
the representative structure of each cluster has been computed
with and without solvation. In addition, we computed the
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absorption spectra of these systems by considering 10 excited
states of three representative structures (see the Computa-
tional Details section). Results show that the band gap energy
values as well as the absorption wavelengths are sensitive to the
structure of the nanoparticle (Figure S), with variations being
as large as 0.5 eV (120 nm) in agreement with the work of
Tretiak and co-workers.’” Remarkably, the band gap
fluctuation decreases significantly both by ligand adsorption
and the inclusion of solvent effects, the latter factor being
predominant. Similarly, the bandwidth of the absorption
spectra decreases when including solvent effects. Moreover,
the weighted band gaps are smaller than those of the static
calculations due to the changes in the HOMO and LUMO
energies associated with the general increase of the bond
distances. Interestingly, the inclusion of thermal effects does
not change the trends observed in the static calculations as
evidenced by the following two observations. First, even
though the difference between the pristine and passivated
nanoparticles is smaller than the static calculations, there is an
increase in the gas phase band gap upon adsorption of 27
capping ligands. Second, addition of solvent effects increases
the weighted band gap of the pristine nanoparticle significantly
but almost does not modify that of the passivated models.
Overall, the maximum wavelength of the absorption spectra of
the solvated pristine nanoparticle is blue-shifted by 80 nm
when compared to the values in vacuum, while the difference
between the maximum absorption wavelength of passivated
and nonpassivated nanoparticles including solvation is 20 nm.

B CONCLUSIONS

Cadmium selenide nanoparticles are among the most widely
used quantum dots in photonics, solar cells, catalysis, and
bioimaging. Surface passivation through the adsorption of
capping ligands is key for tuning the quantum dot’s optical
properties, and atomistic insights into how ligand alters their
properties are important for the design of new quantum dots.
The present computational work provides a broad, compre-
hensive insight into the ligand passivation on CdSe nanoma-
terials through a combination of static and AIMD DFT
simulations. The zinc blende (ZB) and wurtzite (WZ) (110)
surfaces, the (CdSe),; nanoparticle, and five types of ligands
used in experiments (carboxylic acids, phosphonic acids,
amines, alcohols, and thiols) were considered to analyze how
their adsorption influences the optical properties of the
material.

Ligand adsorption is mainly electrostatic with almost no
charge transfer from the ligand to the surface. At low
coverages, ligand adsorption energies on ZB are computed to
be higher than those on WZ by about 10—15 kJ mol™' due to
the larger surface—ligand dispersive interactions. Moreover, for
both polymorphs, phosphine oxides, phosphonic acids, and
amines adsorb more strongly than carboxylic acids, alcohols,
and thiols, and this correlates well with their proton affinities,
reinforcing the electrostatic nature of the interaction.
Increasing the ligand coverage up to full coverage does not
change the trends found at low coverages. However, the steric
hindrance of phosphine oxides and tertiary amines hampers
their adsorption on each undercoordinated surface Cd site.
Moreover, the adsorption difference between ZB and WZ
decreases due to larger ligand—ligand dispersive interactions in
the latter. Indeed, dispersive ligand—ligand interactions are
important for large ligands mainly, and their contribution is
estimated to be about 5.2 kJ mol™" per CH, unit.
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Results on the optical properties of bare materials (bulk,
surfaces, and nanoparticles) show that decreasing model
dimensionality on going from bulk to surfaces and nano-
particles increases the energy band gap. However, the density
of states of the (CdSe),; nanoparticle presents mid-gap states
that decrease the overall HOMO—LUMO energy difference.
These mid-gap states arise from the nanoparticle reconstruc-
tion that leads to shorter Cd---Cd distances and smaller Se—
Cd—Se angles. Ligand passivation on both zinc blende and
wurtzite surfaces is not associated with an important surface
reconstruction and, consequently, the band gap is very similar
to that of the bare surfaces. In contrast, ligand adsorption on
(CdSe)s; induces a significant structural reconstruction, which
is related to a general increase of the Cd---Cd distances.
Therefore, mid-gap states move to higher energies so that the
HOMO-LUMO gap increases, and the maximum of the
absorption spectrum is blue-shifted upon passivation.

Overall, the combination of slab and nanoparticle models
suggests that while rigid and crystalline unsaturated cadmium
atoms (represented with the slab models) are essentially not
affected neither by the adsorption of organic ligands nor the
solvent effects, centers located at flexible environments
(represented by (CdSe)s;) are more sensitive to the presence
of both the capping ligands and the solvent, although the
effects do not depend on the nature of the capping ligand. This
makes the tunning of the optical properties through ligand
passivation rather limited. Thus, passivation through core—
shell materials and nanoparticle size appears to be more
suitable strategies.
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