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Experimental nonstoichiometries of colloidal
nanocrystals such as CdSe and PbS are accounted for by
attributing to each constituent atom and capping ligand a
formal charge equal to its most common oxidation state to
obtain an overall neutral nanocrystal. In spite of its
apparent simplicity, little theoretical support of this
approach—called here the oxidation-number sum rule—is
present in the current literature. Here, we introduce the
ligand addition energy, which we define as the energy
gained or expended upon the transfer of one ligand from a
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reference state to a metal-rich solid surface. For the combination of CdSe, ZnSe and InP with either chalcogen, halogen or
hydrochalcogen ligands, we compute successive ligand addition energies using ab initio methods and determine the
thermodynamically stable surface composition as that composition where ligand addition turns endothermic. We find that
the oxidation-number sum rule is valid in many situations, although exceptions occur for each material studied, most
notably when exposed to small oxidative ligands. In the case of InP, however, violations are more severe, extending toward
the entire chalcogen ligand family. In addition, we find that electronegativity rather than chemical hardness is a reasonable
predictor for ligand addition energies, with the most electronegative ligands yielding the most exothermic addition
energies. Finally, we argue that the ligand addition energy will be a most useful quantity for future computational studies on

the structure, stability and reactivity of nanocrystal surfaces.

nanomaterials, surface chemistry, quantum dots, nonstoichiometry

olloidal nanocrystals (NCs) are in many respects a

hybrid class of nanomaterials. When synthesized using

precision methods such as hot injection or heating up
in apolar solvents, they consist of an inorganic core, typically
2—20 nm in diameter, capped by a monolayer of organic
ligands.' > Whereas the inorganic core has a crystal structure
that closely resembles that of the bulk counterpart, the binding
of ligands to the nanocrystal surface can be well described using
coordination-chemistry concepts such as the covalent bond
classification scheme.””” In recent years, various detailed
studies on binary semiconductor nanocrystals such as CdSe,
CdTe, PbSe and PbS have shown that their stoichiometry
differs from the 1:1 cation to anion ratio of the bulk
counterpart.g_ll Depending on their size, cation:anion ratios
of up to 3:2 were found that could be attributed to a cation
enrichment at the nanocrystal surface.® In parallel, it was
demonstrated that these nanocrystals are terminated by ligands
such as carboxylates,”'* phosponates®'>"* or thiolates® that
have in the exemplary case of carboxylate-coordinated CdSe
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nanocrystals a well-defined 2:1 stoichiometry relative to the
excess cations.” As a result, the generic chemical formula
[CdSe],,(CdX,), has been put forward for this class of
nanocrystals, where the parts in square and round brackets
denote the stoichiometric inorganic core and the surface
termination by CdX, complexes, respectively.”'*

Within the covalent-bond classification, X-type ligands are
coordinating agents that provide in their neutral form one
electron to form a nanocrystal-ligand bond."> This applies for
example to carboxylates, where the corresponding carboxyl
radical indeed classifies as an X-type ligand. As a result, the
CdX, surface termination can be explained by both X-type
ligands taking one electron from the excess Cd, leaving the
latter in its typical +2 oxidation state and turning the X-type
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ligand in its corresponding anion. This leads to a
comprehensive picture of the nanocrystal composition where
the overall charge neutrality of colloidal nanocrystals in apolar
solvents is accounted for by attributing to each of its
constituent atoms a formal charge equal to its characteristic
oxidation state, such as +2 for Cd, —2 for Se and —1 for the X-
type ligand-turned-anion.” This approach, which we will refer to
as the oxidation-number sum rule or the sum rule in short, was
supported by additional studies on, e.g,, PbS nanocrystals. Even
if these had a more complex surface termination by oleate and
chloride moieties, the overall nonstoichiometric nanocrystal
composition again leads to a zero oxidation-number sum when
attributing a formal charge of —1 to all X-type ligands.'” The
interplay between charge balancing and the stoichiometry of
colloidal nanocrystals is further confirmed by the finding that a
second class of nanocrystals exists that combine a stoichio-
metric composition with dative, L-type ligands—denoted as
[CdSe], (L), in the case of CdSe.”"* Since these bring in
themselves the two electrons to form the ligand-nanocrystal
bond, they can be attributed a formal charge of 0 and a zero
oxidation-number sum is obtained by simply summing up the
oxidation numbers of the atoms constituting the inorganic core.
The oxidation-number sum rule is demonstrated for both X-
and L-type adsorption in Figure 1.
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Figure 1. Bonding mechanisms of (a) X-type ligands on an excess
surface and (b) L-type ligands on a stoichiometric surface.

With its comprehensive description of stoichiometry, ligand
binding and charge neutrality, the delineation of nanocrystal
classes has led to versatile and powerful ligand-exchange
reactions and more realistic nanocrystal simulations. The latter
involve for example density-functional theory (DFT) calcu-
lations on either periodic or cluster models by which the
stability of a surface composition or the reaction enthalpy of
different ligand exchange processes can be assessed.'®'”
Although extremely useful, these approaches take the
experimental nanocrystal stoichiometry as a starting point and
leave aside the more fundamental question as to what
nanocrystal stoichiometry is thermodynamically the most
favorable. In essence, this concerns the validity of the
oxidation-number sum rule, which accounts for charge
neutrality of the entire nanocrystal by attributing to each
constituent a formal charge equal to its characteristic oxidation
state. Whereas this is most likely a valid approach for ionic
crystals, it is more questionable for nanocrystals of more
covalent compounds or pure substances, especially if the
constituting atoms can take different oxidation states.

Here, we introduce a computational approach to investigate
ligand/nanocrystal binding and the preferred nanocrystal
stoichiometry based on the ligand addition energy, which we
define as the energy change upon adsorption of one additional
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ligand from a reference state to the nanocrystal surface. The
value of this framework is assessed by a study on different
ligand/semiconductor combinations using periodic DFT
calculations, focusing on small inorganic ligands with well-
defined oxidation states such as halogens/halides or chalc-
ogens/chalcogenides. For the systems studied, it appears that
trends in ligand addition energies largely reflect ligand
electronegativity rather than, eg, a matching of chemical
hardness between ligand and excess metal as predicted by
hard—soft acid—base theory. Moreover, we find that more ionic
materials such as CdSe and ZnSe indeed mostly show
endothermic ligand addition energies once the nanocrystal
stoichiometry exceeds that predicted by the oxidation-number
sum rule. Nevertheless, exceptions occur for small electro-
negative ligands since these tend to oxidize both the excess
metal and the surface anions. In the case of InP, these violations
are more severe, with Z-type chalcogen ligands clearly defying
the sum rule. This makes the extension of the oxidation-
number sum rule to materials other than the widely studied II—
VI and IV—VI materials far from trivial and even for these
materials care should be taken. The theoretical analysis of
ligand addition energies as introduced here—either using
periodic or cluster models—will provide the starting point to
understand the surface termination of nanocrystals also in these
more complex cases. Moreover, the surface composition where
ligand addition energies turn endothermic corresponds to
thermodynamic equilibrium between a nanocrystal and a given
ligand reservoir. Ligand addition energies are therefore most
useful quantities to analyze and understand the stability of
nanocrystals upon exposure to, e.g, oxygen, water or specific
precursors during more involved synthetic procedures. We thus
conclude that the ligand addition energy as introduced here
constitutes a highly valuable and versatile concept for the
computational analysis of the stability and reactivity of
nanocrystals and nanocrystal surfaces.

BACKGROUND
Ligand Addition Energy. The ligand addition energy can

be considered the energetic cost of adding a ligand from its
reference state to the nanocrystal surface. This process is
represented schematically in Figure 2(a) for the case of Cl
adsorption on [CdSe]Cd,, ie, a CdSe NC with n excess Cd
atoms. Here, the ligand reference state is taken as the
corresponding ground-state dimeric crystal at 0 K. The diagram
shows the sequential addition of CI ligands to the surface from
the reference reservoir. In each adsorption step a ligand
addition energy Efy is expended, representing the energetic
cost of adding the k" ligand from the reservoir and breaking the
corresponding Cl, bond. Within this framework, the ligand
addition energy Efj; can be defined as

k k

_ k-1
Eadd — “surf

- Esurf - ﬂlig (1)
Here, EX,; represents the total energy of the nanocrystal with k
ligands adsorbed, while sy, is the chemical potential of one
ligand unit in the reference state. Given the tendency of the
nanocrystal and the reservoir to minimize their total energy,
ligands will be added to the nanocrystal surface from the
reservoir as long as Eifdd remains exothermic. For endothermic
ligand addition energies, it becomes energetically more
favorable for the entire system if the ligands remain in or
return to their reference state. This implies that the most stable
surface composition will be determined by a ligand:excess Cd
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Figure 2. (a) Stepwise schematic demonstrating the ligand addition energy for Cl adsorption on excess Cd (b) Corresponding surface

configurations in cluster and periodic models.
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Figure 3. Cleavage of (a) a wurtzite CdSe crystal at the (1120) plane, (b) a zinc blende ZnSe crystal at the (110) plane and (c) a zinc blende
InP crystal at the (110) plane. In all three cases, a combination of the pristine and the relaxed excess surface is shown with the dashed line
indicating the chairlike or zigzag like ordering of cations and anions characteristic of the (1120) wurtzite or (110) zinc blende lattice,
respectively. Top view and corresponding Hirschfeld-I charges of (d) the relaxed excess (1120) wurtzite CdSe surface, (e) the relaxed excess
(110) zinc blende ZnSe surface and (f) the relaxed excess (110) zinc blende InP surface.

ratio of m:n, where m is the last exothermic ligand addition
energy. Hence this step plays the pivotal role in determining
the thermodynamically preferred nanocrystal stoichiometry.
Periodic vs Cluster Models. Determination of ligand
addition energies requires both a way of representing the
nanocrystal surface as well as a means to calculate its energy.
These energy calculations are done through DFT, the
methodology of which is explained in the Methods section.
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This section will focus on the creation of a geometric
representation of the surface. Representing the surface is
typically done by means of either a periodic or a cluster model.
In a periodic model a facet of the nanocrystal surface is
represented by an infinitely expanded flat slab. This slab is
constructed through the three-dimensional periodic repetition
of a unit cell, containing the minimally symmetric unit
necessary to represent the slab along with a fixed vacuum gap
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separating it from its periodic image. When either a lower
symmetry or defect density, e.g, excess atoms or ligands, is
necessary, a larger supercell can be created by extending the
unit cell along its lattice vectors."* ™" A cluster model makes no
such use of symmetry and represents the nanocrystal as a
whole, with different parts of the surface corresponding to
different bulk cleavage planes.”' ™%’

Although a cluster model could be considered more realistic,
it is also significantly more complex. This is demonstrated in
Figure 2(b) where the addition of a single ligand from the
reservoir is schematically demonstrated for both models. The
presence of edges and different facets on a cluster model leads
to various, inequivalent adsorption sites. This greatly increases
the difficulty of finding the lowest-energy configuration of the
total system and can introduce spurious variations in the ligand
addition energy. The size of a realistic system also makes it
difficult to perform simulations at a sufficiently high accuracy
level, limiting the configurational space that can be explored. In
a periodic model the ligand:cation ratio is increased in larger
steps, with identical interactions ensured between all ligands
and excess atoms on the surface. This allows both size and
accuracy of the system to be tightly controlled and negates
spurious energetic effects which do not provide any information
about the interactions of interest. A periodic model is thus
considered the optimal choice for use within this study, which
aims at screening a number of ligands and materials to explore
the usefulness of the ligand-addition energy framework for
describing ligand binding and retrieving the preferred nano-
crystal stoichiometry.

RESULTS

Systems Studied. Slab models have been created for CdSe,
ZnSe and InP. CdSe and ZnSe represent chemically similar
ionic crystals, while InP is chosen as an example of a more
covalent crystal with a less electronegative anion. All materials
have been modeled in their most common phase, i.e., wurtzite
for CdSe and zinc blende for ZnSe and InP. For both crystal
types, either the (1120) or the (110) surfaces were selected for
calculating ligand addition energies since these are low-index
surfaces with a sufficiently low surface energy to commonly be
present on the nanocrystal surface.”**™*° The excess surfaces
were then created by adding the relevant metal atoms, with no
explicit charge imposed on the ligand-free excess surface as
adsorption takes place from a neutral ligand reservoir. This
results in an adsorbed system which remains globally neutral,
but local effective charges are automatically acquired when
energetically favorable. In a final step, DFT is used to find the
relaxed excess surface, while the center of the slab model
remains constrained to the bulk geometry.

Figure 3a shows a CdSe (1120) surface as cleaved from the
bulk. In the figure, the dashed line indicates the chairlike chains
of Cd and Se atoms parallel to the [0001] direction that
characterize the pristine (1120) surface. Rather then occupying
the corresponding bulk positions, we find that the excess Cd
atoms form a wire-like ordering in the valleys separating two
Cd—Se chairlike chains. This ordering is represented in the top
view image shown in Figure 3d, where both the Cd-—Se
chairlike chain and the wire of excess atoms can be readily
distinguished. In addition, the figure represents the surface unit
cell and the Hirschfeld-I charges calculated for the surface and
excess atoms. The latter will be referred to simply as charges in
the remainder of the text. They indicate that the excess Cd
remains almost uncharged after adsorption, acquiring a charge
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of only +0.2 mainly by reducing the charge on the surface Cd.
Similar cleavage and top views of the (110) surface of ZnSe and
InP cleaved are given in Figures 3b, 3e and 3c, 3f, respectively.
Note that in the case of InP, extended unit cells 1 X 2 (see
Figure 3f) and 2 X 1 (see Supporting Information SS) have
been used to ensure similar ligand densities for all systems after
ligand addition (see Table 1). The zinc blende (110) plane

Table 1. Studied Nanocrystal Surfaces

CdSe ZnSe InP

structure Wz 7B ZB
surface (1120) (110) (110)
surface area (nm X nm) 0.71 X 0.76  0.41 X 0.57 2% 1:83 X 59

1Xx2:41x11.7
cation density (nm™2) 3.7 43 21
stoich Z density (nm™) 3.7 43 31
Stoich X density (nm™2) 7.3 8.6 6.2

features characteristic zigzag chains of cations and anions
parallel to the [110] direction as indicated by the dashed lines.
Again, the excess atoms relax in a wire-like configuration in
between these zigzag chains, although the positioning of the
excess atoms relative to the surface atoms is different for both
materials. Similar to the excess Cd, also the excess Zn and In
only acquire a small positive charge. A more detailed discussion
of these relaxed excess surfaces can be found in section S1 of
the Supporting Information.

On each of the excess surfaces 12 ligand species are
introduced, grouped into three sets:

e Chalcogens (Z): O, S, Se and Te
e Hydrochalcogens (X = ZH): OH, SH, SeH and TeH
e Halogens (X): F, Cl, Br and L

Within each set chemically similar ligands are studied to isolate
effects of properties such as size, electronegativity and chemical
hardness on the ligand addition energy. As reference state for
the chemical potential the energy of the corresponding 0 K
ground-state crystals is chosen which is calculated using DFT.
For species like O and halogens these are weakly interacting
dimeric crystals, while S, Se and Te condense into true bulk
solids. Hydrochalcogen reference states are obtained by
combining chalcogen reference states with the lowest-energy
H,Z crystal for each species (Z = O, S, Se, Te) through the
following reaction:

1
H,Z + —Z, — 2ZH
S (2)

corresponding to a chemical potential of

1 1
Hzy = E('MHZZ + E/‘ZZ) 3)

These can then be used to determine the ligand addition energy
in each case.

Ligand Addition Energies, General Overview. For all
combinations of ligands and materials, ligand addition energies
have been calculated by progressively adding ligands to the
respective reconstructed excess surfaces. After energy mini-
mization through a screening of potential positions and the
concomitant geometric relaxation, the corresponding ligand
addition energy has been calculated from the lowest energy
state found using eq 1. The resulting nine graphs are shown in
Figure 4, where the ligand species can always be found on the
horizontal axis, moving downward through the periodic table
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from left to right. Within each graph, each individual curve
represents the addition energy for a specific surface
stoichiometry ratio ¢ as obtained after the considered ligand
addition step:

adsorbed ligand density

expected ligand density (4)

This definition makes the expected stoichiometry as
determined by the oxidation-number sum rule correspond to
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a stoichiometry ratio o = 1, while 6 > 1 and 0 < 1 represent sub-
and supra-stoichiometric surfaces, respectively.

Before using the ligand addition energy to assess nanocrystal
stoichiometry, however, it is useful to first analyze its magnitude
and possible trends in either of the three ligand series. For this
purpose, Figure Sa represents the average value of the different
addition energies for all ¢ < 1 compositions. First of all, not
only the averages but effectively all of these addition energies
are exothermic, meaning that ligand addition is always favorable
up to the stoichiometry predicted by the sum rule. Moreover,
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Figure 6. (Upper panels) Top view on the CdSe (1120) surface subjected to progressive sulfur addition with occupation ¢ increasing from (a)
0.5 to (b) 1 and (c) 2. (Lower panels) Top view on the ZnSe (110) surface subjected to progressive chlorine addition with occupation &
increasing from (d) 0.5 to (e) 1. In (a) and (b), the full and dashed lines represent the typical chair (CdSe (1120)) or zigzag (ZnSe (110))
ordering of anions and cations in the surface and the excess layer, respectively. A detailed view of the local tetrahedral coordination of the

excess atom from (e) is shown in (f).

especially for the halogens and the hydrochalcogens, it can be
seen that both the absolute value of the addition energy and its
trend with period number are highly similar. Halogens always
exhibit the most exothermic addition energies and do so for all
systems; the addition energy becomes less exothermic with
increasing period. The chalcogens show a somewhat larger
variation, with more exothermic addition energies in the case of
ZnSe and less exothermic for InP, yet even then differences
remain small and especially the tendency of the addition energy
to become less exothermic with increasing period persists.

To understand the chemical factors determining the addition
energies, Figure Sb and ¢ show the electronegativity y and
chemical hardness # of the different ligands studied, two widely
used chemical properties that we quantify using the followin

definitions (IP: ionization potential; EA: electron affinity):>' >
IP + EA
) (s)
IP — EA
L) (©)

Both quantities can be determined ab initio at high accuracy
due to the limited size of the simulated systems and the
numbers we calculate closely match tabulated values where
available.”***

Hardness is the central quantity in hard—soft acid—base
(HSAB) theory,***° which tends to explain strong bonding
affinity between metal ions and ligands by the principle of
hardness matching, where hard or soft ligands preferably bind
to hard or soft ions, respectively.34_36 For this reason, we have
added to Figure Sc the chemical hardness of Cd, Zn and In and
their ions. Apart from Cd**, Zn?*, In** and In*, where only the
latter is of relevance to the systems studied given the bulk
charges of +1.2, + 1.1 and +1.4 on the cations in CdSe, ZnSe
and InP, respectively—these metals and their ions have a
hardness in the range 4—5 eV. This gives a strong hardness
mismatch with period 2 ligands and a reasonable overlap with
period 3—4 ligands. Translating this hardness-matching into
addition energy trends however does not match even the
simplest observations in Figure Sa—the similarly strong
preference of CdSe, ZnSe and InP for F—and suggests great
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care should be taken when trying to apply HSAB to nanocrystal
surfaces. This theory inherently assumes interaction with an
isolated ion and neglects the effects the surface may have on the
ligand bonding, either through geometric effects such as sterical
hindrance or by altering the identity of the ion by delocalizing
the charge.

Figure Sc indicates that the calculated electronegativity
monotonously decreases with increasing period within each
ligand set. Especially for the halogens and the hydrochalcogens,
this trend correlates well with the addition energy, with the
more electronegative halogens systematically yielding addition
energies with higher absolute values. As the difference in
Mulliken electronegativity (eq 6) between two binding moieties
largely corresponds to the ionic contribution to the two-
electron bond strength, this correspondence between electro-
negativity and addition energy indicates that ligand addition
involves the formation of mainly ionic bonds for the systems
studied. The apparently deviating behavior of the chalcogens,
which feature more exothermic addition energies than the
hydrochalcogens while having similar electronegativity, can be
understood within this picture since for these ligands binding
involves the formal transfer of 2 electrons instead of 1 to the
ligand. This makes that oxygen typically features a high addition
energy, second only to fluorine, even if its Mulliken
electronegativy is comparable to that of bromine and iodine.
Hence, it appears that opposite from hardness, electronegativity
largely captures the variation of addition-energy with period
number.

To facilitate the assessment of nanocrystal stoichiometry, all
addition energies in Figure 4 have been color-encoded
depending on the corresponding stoichiometry ratio o, where
colors vary from blue to red for sub- to suprastoichiometric
addition energies and the expected ¢ = 1 stoichiometry has
been colored green. It can thus be seen that for a large range of
material/ligand combinations, the oxidation sum rule applies,
with addition energies becoming endothermic once ¢ exceeds
one. Exceptions occur either with specific ligands or materials,
where small electronegative ligands such as F and O yield
exothermic suprastoichiometric addition energies for all
materials studied while InP features exothermic suprastoichio-
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Figure 7. (Upper panels) Top view on the ZnSe (110) surface subjected to progressive oxygen addition with occupation ¢ increasing from (a)
1 to (b) 2 and (c) 3. (Lower panels) Top view on the CdSe (1120) surface subjected to progressive fluorine addition with occupation &

increasing from (d) 1/2 to (e) 1 and (f) 3/2.

metric addition energies for all chalcogens. Remarkably, these
ligands are capable of adsorbing to double the expected
stoichiometry ratio without incurring any endothermic addition
energies. This suggests the observed trends and deviations are
both ligand and material-dependent and are affected by the
configuration of the adsorbate-covered surface.

Sum-Rule Compliant Material/Ligand Combinations.
Of all 36 material/ligand combinations studied, 25 comply with
the oxidation number sum rule in the sense that the addition
energy is exothermic as long as ¢ < 1 and turns endothermic
when ¢ exceeds unity. This includes the addition of all
hydrochalcogens and all halogens bar fluorine to the three
semiconductors studied and the addition of all chalcogens bar
oxygen to CdSe and ZnSe. Rather than discussing all these 25
systems separately, we consider here a few representative
examples and present surface morphologies at different
stoichiometry ratios of all other systems in the Supporting
Information.

Figure 6a—c represents different steps of the progressive
addition of sulfur to a CdSe (1120) surface. Due to the size of
the CdSe supercell, which contains two excess Cd atoms, the
substoichiometric step ¢ = 0.5 can be simulated in addition to
the stoichiometric ¢ = 1 step. Looking first at this intermediate
o = 0.5 stoichiometry ratio—which we will systematically
indicate as the CdSe/S, o = 0.5 surface—Figure 6a shows that
the added S is inserted between two excess Cd atoms, thus
breaking the Cd wire formed on the relaxed excess CdSe
(1120) surface into a sequence of Cd dimers separated by
sulfur atoms. Moreover, the added S atoms acquire a charge of
—0.9 at the expense of an increasingly positive charge of +0.6
on the excess Cd atoms, which can be seen as an oxidation of
the excess Cd atoms by the S ligands. Both the trends of surface
reorganization and oxidation of the excess Cd persist upon
further increasing the stoichiometry ratio to 6 = 1. On the
CdSe/S, o = 1 surface, the added S and the excess Cd form the
chairlike chains characteristic of the CdSe (1120) surface (see
full white lines in Figure 6b), while taking surface positions in
close agreement with the Cd and S positions in bulk wurtzite
CdSe. In addition, the charge on the excess Cd and the added S
further increases to +1.1 and —1.1, respectively, figures almost
equal to the respective +1.2 and —1.2 charges on Cd and Se
atoms in bulk CdSe. Further addition of sulfur to the CdSe
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surface leads to the formation of disulfide bridges on the CdSe/
S, 0 = 2 surface—reducing the charge on each sulfur atom—
between the excess Cd atoms, which still occupy sites close to
the corresponding bulk position. This process comes with an
endothermic addition energy, such that sulfur addition stops at
a ¢ = 1 stoichiometry ratio where a close to epitaxial CdS
monolayer is formed on the CdSe surface.

A similar picture emerges in the case of ZnSe/Cl, for which
surface geometries are represented in Figures 6d—f. Here, both
an intermediate ¢ = 0.5 and a final ¢ = 1 stoichiometry ratio can
be studied since each ZnSe unit cell contains one excess Zn
atom, yet 2 CI atoms per unit cell are needed to reach a 6 = 1
excess. As shown in Figure 6d, the original reconstruction of
the excess ZnSe (110) surface leading to Zn wires in between
the characteristic Zn—Se zigzag chains is already undone on the
ZnSe/Cl, 6 = 0.5 surface. The excess Zn atoms move to
adsorption sites closely corresponding to bulk positions while
the Cl ligands adsorb on sites that are occupied by Se in bulk
ZnSe. As a result, next to the Zn—Se zigzag chains, the excess
surface now features Zn—Cl chains connecting excess Zn and
added Cl. In addition, the added Cl mainly oxidized the excess
Zn, resulting in charges of +0.6 and —0.6 on the excess Zn and
the Cl ligands, respectively. Again, both trends persist when the
stoichiometry ratio is increased to 6 = 1. On the ZnSe/Cl, 6 = 1
surface, the added ligands complete the 4-fold tetragonal
coordination of the excess Zn atoms (Figure 6f)—just like Se
does in bulk ZnSe—and further oxidize the excess Zn whose
charge of +1.1 corresponds to that on Zn atoms in bulk ZnSe.

As shown in the Supporting Information (section SS),
adsorption of ligands on sites closely corresponding to lattice
positions occupied by the anions in the bulk crystal is observed
at ¢ = 1 for all material/ligand combinations that comply with
the oxidation-number sum rule except OH. Even for halogen
addition to InP, the excess In eventually acquires a tetragonal
coordination involving one surface P atom and 3 added ligands.
One remarkable observation here is the occurrence of chemical
transformations of the ligands in the case of hydrochalcogen
addition. For instance upon addition of SeH to CdSe, the stable
o = 1 configuration consists in the separate adsorption of Se
and H,Se rather than two SeH moieties. However, even in this
case, both Se atoms still occupy positions corresponding to
bulk Se sites (see Supporting Information S2).
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F and O, Sum-Rule Defiant Ligands. Figure 4 shows that
oxygen and fluorine addition to CdSe, ZnSe and InP remains
thermodynamically favorable above the o = 1 limit predicted by
the oxidation-number sum rule. According to Figure 5, these
are also the most oxidative halogen or chalcogen ligands
yielding in general the most exothermic addition energies up to
the 0 = 1 excess. To illustrate the general rules that apply to
these suprastoichiometric material/ligand combinations involv-
ing F and O, we will again present a few representative
examples while an exhaustive overview is given in the
Supporting Information (see section SS).

Figure 7a—c shows top views of the ZnSe/O surface where
the stoichiometry ratio is systematically increased from o = 1 to
o = 3. Since the ZnSe supercell used contains a single excess Zn
atom only, oxygen addition is only possible in these coarse
steps. The surface geometry found for the ZnSe/O, ¢ = 1
surface resembles the arrangement of excess atoms and ligands
typically found for sum-rule compliant systems. The original
reconstruction of the excess surface is undone; excess Zn atoms
have shifted close to the positions they would occupy in a new
bulk layer; O ligands adsorb on surface sites more or less
corresponding to Se bulk positions and charges on excess Zn
are close to that on Zn in bulk ZnSe. Nevertheless, already now,
the excess Zn atoms are shifted in the [001] direction relative
to the bulk positions. Moreover, due to their small size, the
oxygen atoms penetrate markedly in between two excess Zn
atoms. In the same way, the oxygen atoms added to reach a ¢ =
2 stoichiometry ratio do not simply coordinate the excess Zn
further. Rather, they insert between an excess Zn and a surface
Se atom to form a Zn—O—Se bridge, thus breaking the original
Zn—Se bond. According to the charges, this mainly leads to an
oxidation of the surface Se, thus accounting for the supra-
stoichiometric surface configuration. This oxidation does
however not persist upon further oxygen addition. Rather
than further inserting between existing bonds, our computation
shows that oxygen dimers are formed in a process that exhibits
a slightly endothermic addition energy.

A similar picture but even more pronounced emerges in the
case of CdSe/F, for which top views are shown in Figure 7d—f
for a stoichiometry ratio increasing from ¢ = 0.5 to 6 = 1.5. Also
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here, F addition breaks up the original reconstruction of the
excess CdSe surface, yet the excess Cd atoms fail to reach the
corresponding bulk position at a ¢ = 1 excess, nor do the F
atoms adsorb at sites normally occupied by Se. Rather, several
Cd—F—Cd bridges are formed leading to a pronounced
oxidation of the excess Cd as attested by its charge of +1.4,
which even exceeds the charge of +1.2 on Cd in bulk CdSe.
Similar to ZnSe/O, the fluorine added to increase the
stoichiometry ratio to ¢ = 1.5 starts interacting with the
surface Se, again breaking Cd—Se bonds and replacing them by
Cd—F—Se bridges. This inserted fluorine is not visible in the
top view of the CdSe (1120) surface shown in Figure 7f, yet its
influence can be inferred from the reduced charge on the
surface Se atoms, which drops from —1.2 to either —0.8 or
-0.9.

As further demonstrated by the examples in the Supporting
Information (section SS), the significant distortion of the
surface as compared to an epitaxial continuation of the bulk
lattice appears to be a general characteristic of O and F
addition. As shown by the ZnSe/O example, this may lead to a
suprastoichiometric surface composition, without implying by
necessity the full oxidation of the bulk material. On the other
hand, persistently exothermic addition energies with a
progressive insertion of the ligands in between existing bonds
may occur such as in the case of InP/O, where even at o = 8/3
exothermic addition energies are retrieved (see Supporting
Information S3).

InP, a Sum-Rule Defiant Material. In the case of
chalcogen addition to InP, Figure 4 shows that ligand addition
energies remain exothermic for a stoichiometry ratio exceeding
unity for all chalcogens. This suggests that this material/ligand
combination is systematically different from any ligand
combination with CdSe and ZnSe or combinations of InP
with halogens and hydrochalcogens.

Considering first the InP/O system, Figure 8 shows a top
view on the InP (110) surface for a stoichiometry ratio
progressively increasing from ¢ = 2/3 to ¢ = 2, which
corresponds to the addition of 1 to 3 O atoms per supercell.
The geometry of the InP/O, ¢ = 2/3 surface is comparable to
that of the ZnSe/O, o = 1 surface, with the excess In atoms
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somewhat shifted along [001] relative to the bulk adsorption
sites, the O atoms deeply inserted between adjacent excess In
atoms and the charges indicating that O mostly oxidizes the
excess In. For the InP/O, o = 4/3 surface, the most stable
geometry is found in a different supercell with the same excess
In density (2 X 1 instead of 1 X 2). Here, the excess In atoms
no longer occupy bulk adsorption sites and the added O atoms
are inserted between In—P bonds, forming In—O—P bridges as
shown before for ZnSe/O. This leads to a pronounced
oxidation of the surface P, with charges dropping from —1.4
for bulk InP to only —0.3. Additional oxygen atoms form
bridges between excess and surface In (o = 2, Figure 8(c)),
thereby further oxidizing the excess In as indicated by the
increasing charge on the atom.

While O addition to InP follows similar rules as O and F
addition to CdSe and ZnSe, a different picture emerges upon
addition of other chalcogen atoms to InP. As shown in Figure
9, the InP/S, o = 2/3 surface features a geometry similar to
sum-rule compliant systems, where the excess In atoms are
found close to the bulk In positions and the S ligands occupy
bulk P positions while mainly oxidizing the excess In. Due to its
symmetry, however, the InP ¢ = 2/3 surface still provides one
free adsorption site per excess In. Adding one sulfur atom more
to each supercell, a number already exceeding the expected ¢ =
1 stoichiometry, therefore leads to additional S adsorption on
In—In bridge sites opposite from the sites already occupied at a
0 = 2/3 excess. This configuration enables the added S to
further oxidize both surface and excess In. Moreover, the
pronounced size difference between In and P renders the
adsorption sites in the second step more favorable as it makes
the excess In screen the surface ligand from repulsion by surface
P atoms. Further sulfur addition leads to a bridging of excess
and surface In by S, dimers sharing the charge between the two
S atoms.

DISCUSSION

The chemical formulas put forward in recent years for colloidal
nanocrystals such as CdSe or PbS reflect the experimentally
determined ratios between excess surface cations and surface
ligands.'* They follow a simple rule where each constituent
atom is given a formal charge equal to its oxidation number to
yield a nanocrystal with a total formal charge of zero, a
procedure we called the oxidation-number sum rule. Here, we
have analyzed nanocrystal stoichiometry by introducing the
ligand addition energy Ef,, as the reaction energy for the
addition of the k™ ligand from its reference state to the
nanocrystal.

Using the fact that the last exothermic addition energy
determines the nanocrystal stoichiometry, we thus assessed the
validity of the oxidation-number sum rule for a range of
nanocrystal/ligand combinations. In the case of more ionic
binary crystals such as CdSe and ZnSe, our computations yield
stoichiometries generally in line with the oxidation-number sum
rule. Here, excess metal atoms and added ligands adsorb at
positions close to bulk cation and anion positions, thus
epitaxially extending the crystal lattice perpendicular to the
cleavage plane, and binding mainly boils down to the oxidation
of the excess metal by the added ligands. Exceptions occur with
strongly oxidizing, small ligands such as fluorine and oxygen.
These insert between both cation—cation and cation—anion
bonds, thereby oxidizing also the anion and preventing the
surface from extending the bulk crystal structure.
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In the case of InP, not only do fluorine and oxygen give rise
to similar deviations from the sum rule but also in the case of
other chalcogen ligands, suprastoichiometric adsorption is
systematically favorable. These deviations can be partially
attributed to the lower electronegativity of both In and P,
increasing the binding energy of strongly oxidizing ligands.
Even so, ligands such as Cl and Br are still incapable of
obtaining strongly exothermic addition energies above a ¢ = 1
stoichiometry ratio. This suggests that geometric considerations
are at least of equal importance as electronegativity. Oxidizing
the surface P leads to a weakening of the three In—P bonds that
attach it to the crystal. Only in the case of F is the created F—P
bond sufficiently strong to compensate this effect. Both for Cl
and Br an addition energy of 0 is obtained with respect to the
Cl, and Br, reservoir, suggesting the formed bond just
compensates for the breaking of the Cl—Cl or Br—Br bond.
Geometric effects are also the main reason for the strong
oxidation sum-rule violations in the case of chalcogens. The
desired ratio of Z ligands to excess In would be three Z*~ for
every two In®*. Such a configuration is not commensurate with
a cubic lattice which prefers an even ratio. Available adsorption
sites are determined by the lattice and deviations from an even
ratio either lead to the inducement of geometric strain or
require the breaking of bonds between the excess In and the
surface. The result is the occupation of adsorption sites with
suboptimal charge transfer and a lower addition energy. This
leads to a more gradual oxidation of the surface, but with a
larger final ligand density.

The example of InP gives a first indication that ligand
addition energy is a concept whose possible use extends well
beyond the analysis of nanocrystal stoichiometry. Nanocrystals
kept under ambient conditions for example can be seen as
exposed to ligand reservoirs of oxygen and/or water and also
here, the ligand addition energy can be used to assess the
influence of such an environment on the nanocrystals. The
persistently exothermic addition energies for oxygen in the case
of InP thus show that InP nanocrystals are prone to oxidation
under ambient conditions, whereas this is less of a problem for
CdSe and ZnSe whose oxygen addition energies become zero
or becomes endothermic upon increasing stoichiometry ratio.
This is in line with experimental findings, where oxidation is
often problematic in the case of InP—even by reaction
byproducts—whereas state-of-the-art CdSe and ZnSe nano-
crystals can even be synthesized under ambient conditions.””~*’

Their very synthesis constitutes another case where nano-
crystals are exposed to a ligand reservoir. Considering the small
inorganic moieties studied here, this may involve the deliberate
exposure of core nanocrystals to reagents for growing an
inorganic shell of materials such as ZnS, ZnSe or CdS or the
unintentional exposure to impurities or reaction products. A
notable example of the latter is the strong affinity of halides for
the surface of CdSe nanocrystals—as confirmed here by their
strongly exothermic addition energies—where a fine control
over their concentration proved crucial for the reproducible
synthesis of CdSe multipods and allowed for deliberate shape
tuning.*' = For the formation of core/shell nanocrystals on
the other hand, nanocrystals can be sequentially exposed to
reagents providing the anions and the cations of the envisaged
shell material in a so-called SILAR procedure, short for
successive ion-layer adsorption and reaction.** Here, our study
of the CdSe/S example confirms the experimental finding that
in the case of CdS shell growth, reaction of sulfur with a Cd-
rich nanocrystal results in a first CdS monolayer that grows
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epitaxially on the underlying CdSe crystal.*’ In the case of InP
on the other hand, the epitaxial growth of a metal sulfide shell
can be more problematic since our work shows that S tends to
form a suprastoichiometric surface termination that does not
continue the crystal structure of the underlying InP crystal. This
may explain why most successful InP-based core/shell synthesis
protocols are either one-pot approaches or rely on an initial
saturation of the InP surface with the cations such as Zn or
Cd 4649

In view of this spectrum of applications, the computational
approach introduced here provides a consistent way to calculate
adsorption energies under standardized conditions. Indeed, by
considering a process where ligands are taken from a neutral
reservoir and added to a neutral, nonstoichiometric crystal
surface, addition energies can be calculated for any ligand, be it
L-, X- or Z-type, relative to a predefined reference state without
the upfront introduction of charged species. Although the
calculated adsorption energy will depend on the choice of the
reference state, this is less of an issue then it may seem even in
the case of X-type ligands such as oleates, thiolates or
phosphonates. Similar to the hydrogen chalcogenides studied
here, an appropriate reference state for such ligands is the
corresponding acid HX. In the case of addition to a Cd-rich
CdSe surface, the first ligand addition energy E;dd,x thus
corresponds to the reaction energy of a process where the X-
type ligand is exchanged between the acid and the CdSe
surface:

1
HX + [CdSe](Cd) — [CdSe](CdX) + EHZ )
Using the same notation, an exchange reaction where the ligand
X is exchanged for X’ can then be written as

HX’ + [CdSe](CdX) — [CdSe](CdX') + HX (8)

Hence, the exchange reaction is the difference of the X’ and X
addition reactions such that its reaction energy follows from the
difference between the respective addition energies, a number
that is independent of the choice of the hydrogen reference
state. In the same way, the choice of reference state is not
important if the binding of a particular ligand to different crystal
surfaces is considered since also in this case, conclusions on
preferential binding will follow from differences in ligand
addition energy.

CONCLUSIONS

We have introduced the ligand addition energy as the energy
change upon transferring a ligand from a reference reservoir to
a solid surface and used it to analyze the stoichiometry of
colloidal nanocrystals. Using the thermodynamic principle that
ligand addition will stop when the ligand addition energy
becomes endothermic, we determined the thermodynamically
most stable surface composition of metal-rich CdSe, ZnSe and
InP surfaces exposed to reservoirs of halogens, chalcogens or
hydrochalcogens. In all cases, ligand addition energies were
calculated with density-functional theory using periodic models
of the solid surface. For the majority of the material/ligand
combinations, ligand addition energies become endothermic
once the surface composition complied with the so-called
oxidation-number sum rule. This rule—supported by exper-
imental observations—accounts for the nanocrystal composi-
tion by attributing to each constituent a charge equal to its
most common oxidation state and requiring that the entire
nanocrystal be charge neutral. Exceptions to the sum rule
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typically occurred for strongly electronegative ligands such as
fluorine and oxygen and for the combination of InP with each
of the chalcogens, where in all cases more ligands could be
added than predicted by the sum rule. Only for sum-rule
compliant systems we observe that the excess metal cations and
the added ligands epitaxially extend the bulk crystal structure.
With sum-rule defiant systems, ligands typically insert between
cation—anion bonds, thereby oxidizing also the anion and
inducing surface terminations that are not extensions of the
bulk crystal. We conclude that the extension of the oxidation-
number sum rule beyond the metal selenide and metal sulfide
nanocrystals typically studied in the literature is not
straightforward. However, the ligand addition energy intro-
duced here provides an apt framework for the computational
investigation of such systems. Moreover, the thermodynamic
study of nanocrystals exposed to ligand reservoirs extends far
beyond the analysis of the stoichiometry of metal-rich binary
nanocrystals. Ligand addition energies can be similarly used to
assess the stability of nanocrystals exposed to ambient
conditions after synthesis or specific precursors during
multistep synthetic procedures such as core/shell growth. In
addition, they provide a consistent framework, based on well-
known reference states, to compute adsorption energies of L-,
X- and Z-type ligands and determine reaction energies of ligand
exchange processes. As such, the ligand addition energy will be
a most useful quantity for future computational studies on the
structure, stability and reactivity of nanocrystal surfaces.

METHODS

Energetic calculations, both for slabs and crystalline reference states
are performed with spin-polarized periodic density-functional theory
using the Perdew—Burke—Ernzerhof (PBE) functional as imple-
mented in the Vienna Ab Initio Simulation (VASP) package.’’°
Charges were calculated using the periodic Hirschfeld-I scheme
developed by Vanpoucke et al. as implemented for VASP in the HIVE
software package.””*® Electron affinities and ionization potentials were
determined using the high-accuracy benchmarking method CCSD(T)
method through the Gaussian 09 package.*”~**

Slab Models. Slab models were created from bulk crystals which
were relaxed from experimental geometries obtained from the
Crystallography Open Database (COD).*%® Properties of each slab
model have been calibrated to minimize the remaining error on the
initial adsorption energy to a maximum of 10 k]/mol.67 At this
accuracy level the computational cost of the full screening procedure is
approximately 300 coreyears. Calibrated settings can be separated into
two categories: geometric and technical. Geometric settings include
the number of atomic layers in the slab, the amount of layers kept fixed
during ionic relaxation, the lateral size of the cell and the vacuum
distance between slabs. Technical details include basis set size, density
of the reciprocal and real-space sampling grids, core electron
approximation and smearing method.

Results for the geometric calibration are shown in Table 2. Note
that the number of layers mentioned in the table excludes the excess
atoms. Slab models for CdSe are thinner and asymmetric, while zinc
blende models contain a mirror plane in the center of the slab. In an
asymmetric model dipole moments are created upon adsorption,

Table 2. Specification of the Slab Model

CdSe ZnSe InP
surface (1120) (110) (110)
# layers (excl. exc) 4 9 9
# fixed 2 S S
vacuum (in nm) 3 2 2
€ans 143 1 1
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Table 3. Technical Specifications

relax, low relax, high static DFT-PT

PAW projectors normal hard hard normal

Eoy (eV) 400 850 850 400

k mesh (wurtzite) SXSx%1 SXSX1 SX5x%x1 11 X 11 X 1

k mesh (zinc blende) 7X7X%X1 11 X 11 X 1 11X 11X 1 /

smearing Gauss ¢ = 0.01 Gauss o = 0.01 Tetra Gauss ¢ = 0.001
causing additional interaction between the periodic copies of the slab. E(N) — E(N + 1)
While it is a simple process to apply dipole corrections, they require EA = T, (9)
calculation of the relative macroscopic dielectric constant €y, of the
cell to properly take into account the screening of the interaction by — E(N — 1) — E(N)

the slab.®*~"° Both electronic and ionic contributions to €, can be
calculated with DFT perturbation theory (DET-PT),”"”” but at a steep
computational cost. Since €y, does not vary significantly with the
surface configuration it is sufficient to calculate it once for the desired
slab thickness. The energy is corrected for all asymmetric slab
calculations, effects on the potential are not corrected. In a symmetric
model adsorption takes place simultaneously on both sides of the slab,
in opposite directions, canceling out the surface dipole moments.”
This double adsorption is the reason why symmetric slabs are thicker
than their asymmetic counterparts, but symmetry can be exploited to
reduce calculation time. During all ionic relaxations the two outer
layers, together with excess atoms and ligands, were left free to relax.
The other layers are kept fixed at the bulk lattice configuration in all
cases. Vacuum distance was chosen to be minimally 2 nm in all cases,
large enough to buffer any changes during relaxation and ensuring the
potential is able to return to its vacuum level away from the slab. A
larger vacuum of 3 nm is used for the CdSe cell to ensure the local
potential is not significantly affected by the asymmetric surfaces.

The technical settings used for a specific calculation vary with its
type. For each adsorption a lower accuracy relaxation is performed
first, followed by a high accuracy relaxation and finally a high accuracy
static calculation to refine the energies. These settings are the same for
all three materials, except K-mesh, and are summarized in Table 3
together with the settings for the DFT-PT calculations used for CdSe.
Core electrons are treated with the PAW projector method.”*”® The
default projector sets are used in most cases. For high accuracy
calculations hard projector sets are used where available (O, S, F, Cl
and P) as these are more accurate for molecular-like bonds which can
exist at the surface. A plane wave basis set is used with a size
determined by the plane wave energy cutoff E_,. The high accuracy
calculations used a higher E_ for the hard projector sets. A different
reciprocal grid is used for the wurtzite and zinc blende cells, but with
both including the I" point. The Monkhorst—Pack”*~" sampling grid
listed in the table is valid for the unit cell. For the InP supercell
calculations the 11 sampling points along either the k, or k, direction
were reduced to 7 when their corresponding real-space lattice
parameters were doubled. Due to the inherently larger cell to
represent the CdSe surface, the reciprocal grid density was lower and
kept constant. Gaussian smearing is used during relaxations, with the
static calculation using the tetrahedron method with Blochl
corrections’” for accurate energies. DFT-PT calculations require a
significantly denser reciprical grid to achieve convergence and a very
low smearing width ¢. To ensure no extra errors are induced PREC =
Accurate is used in all cases, creating a denser real-space grid and the
usage of real-space projectors®® is explicitly disabled. Reference states
were calculated using the same workflow and settings, but with a k-
mesh density determined by VASP’s auto mesh generation parameter I
= 70. The bulk crystal calculations as prerequisite for the pristine slab
used E_,; = 700 and 1100 eV for soft and hard potentials respectively
to ensure minimal strain. The number of k-points sampled in the first
Brillouin zone was 9261 for all three materials.

Electron Affinities and lonization Potentials. These properties
were determined based on nonperiodic calculations on single atoms.
The electron affinity (EA) and ionization potential (IP) can be defined
as follows:
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(10)

where E(N) is the energy of the system with N electrons. The energy
in this case is calculated using CCSD(T) with the Def2-QZVPPD
basis set as obtained from Basis Set Exchange.gl’82
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