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ABSTRACT. Nanocrystals are a state-of-matter in the border area between molecules and bulk materials. Unlike bulk
materials, nanocrystals have size-dependent properties, yet the question remains whether nanocrystal properties can be
analyzed, understood, and controlled with atomic precision, a key characteristic of molecules. Acknowledging the
inclination of nanocrystals to form defect structures, we first outline the prospects of atomically precise analysis. A broad
spectrum of analytical methods has become available over the last five years, such that for almost any nanocrystal,
atomically precise average structures can be determined to represent a polydisperse ensemble and explore structure-
property relations. Atomically precise synthesis, on the other hand, remains an outstanding challenge that may well face
fundamental limitations. However, to amplify properties and prime nanocrystals for specific applications, full atomic
precision may not be needed. Examples of an atomic precision light approach, focusing on exact thickness or facet control,
exist and can inspire scientists to explore atomic precision in nanocrystal research further.

The size-dependence of material properties can have
different origins. The change of the electronic structure of

INTRODUCTION

The scientific interest in nanocrystals has been increasing
continuously over the last 25 years. Interestingly, the more
common wording nanoparticle first appeared in the
context of drug delivery systems.' In contrast, the term
nanocrystal was introduced to describe materials with
nanocrystalline grains, which were put forward as a novel
state of matter.> While researchers now rather see a
nanocrystal as an isolated, nanometer-sized crystallite,3
the idea of a new state of matter persisted. For such
individual nanocrystallites, it was found that atoms are
arranged in crystal structures, not unlike the
corresponding bulk material, yet nanocrystal properties
may be strongly size-dependent.# In this way, nanocrystals
move beyond the idea that materials can be characterized
by intensive properties that do not depend on the amount
of material.

semiconductors with the nanocrystal size reflects the
increased energy needed to confine electrons in smaller
volumes.4> The stronger light absorption and tunable
emission color induced by quantum confinement
underpins the use of such nanocrystals as spectrum-on-
demand semiconductors,> and have made size series of
semiconductor nanocrystals a most tangible example of
quantum mechanics in action (see Figure 1a). On the other
hand, size-dependent physicochemical properties are
often the result of the increased surface-to-volume ratio.
With decreasing size, the contribution of the surface
tension to the free energy of a crystallite becomes more
important.# Such surface effects can hardly be
underestimated. Roughly half the atoms in a nanocrystal
with a diameter of 3 nm will be surface atoms (see Figure
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Figure 1. (a) The sequence of CdSe nanocrystal dispersions highlights the redshift of the emission wavelength with increasing
nanocrystal diameter. (b) Variation of the fraction fshen of surface atoms as a function of the nanocrystal diameter. fshel is calculated
as the shell vs. total nanocrystal volume using the depicted concentric sphere model with a=0.31 nm. (c¢) Transmission electron
microscopy image of PbSe nanocrystals with a size dispersion of 5%. The scale bar measures 10 nm. See ref 6 for experimental
details. (d) Structure model of a CdSe nanocrystal terminated by chloride ligands with chemical formula as indicated. See ref 7.



1b). In that case, one single surface energy provides an
inadequate description of the nanocrystal surface
properties, which will depend strongly on the exposed
facets, edges, and corners. This complexity creates ample
opportunities for chemistry, including the introduction of
functionality through adsorbates (ligands), the direct
exploitation of nanocrystal surfaces for catalysis,® or the
combined approach of ligand-assisted catalysis.?

When size-dependence is the central theme, methods for
precision synthesis are needed. Indeed, even if single
nanocrystals can be studied by various techniques,
analyzing nanocrystals one-by-one is often a low
throughput endeavor, and attaining meaningful statistics
can be difficult. Many investigations rely on nanocrystal
ensembles, for which broad size distributions will cloak
any size-dependent material property. The task is thus to
produce monodisperse nanocrystal ensembles, and
colloidal synthesis methods proved well suited. In some
cases, size distributions with a relative standard deviation
of just 5% have been obtained (see Figure 1c). Moreover,
by carrying out reactions under kinetic control,’ one can
produce nanocrystals with a variety of shapes, including
rods,”* 4 nanoplatelets,’>> or tetrapods.>>

It goes without saying that the progress in chemical
synthesis profoundly helped scientific research into
nanocrystals. But what about the next step? Can we
imagine synthesizing nanocrystals with atomic precision?
Would it be possible to produce ensembles of
nanocrystals, each having the same chemical formula and
chemical structure? Small molecules are defined by a
single chemical formula and a unique chemical structure.
The same holds true for clusters, such as Aus;(PPh;),,Cls or
Iny,P,0(0,CCH,Ph);,.24% But what about nanocrystals?
Atomically precise nanocrystal structures can be drawn
and computed (see Figure 1d), but having them physically
available is what can make a real difference. Thinking of
useful physical and chemical properties, ensembles of
identical nanocrystals would exhibit absorption and
emission spectra with well-defined, narrow, and gradually
tunable lines. Moreover, atomistic control could boost
catalytic activity by maximizing specific surface sites and
all-identical nanocrystals would be the ideal starting point
for forming superstructures by nanocrystal assembly.
From an analytical perspective, ensembles of atomically
precise nanocrystals will facilitate researchers to map
structure/property relations. Moreover, simulations on
model systems that are true digital copies of the material
at hand could put such relations to the test. In this way,
not only static properties but also the dynamic behavior of
nanocrystals could be predicted under a specific load, such
as temperature, illumination, or exposure to chemicals.
Such an approach has great potential benefits for
nanocrystal science and technology.

In this perspective, we address the status of atomic
precision in nanocrystal science. First, we highlight that
attaining atomic precision with nanocrystals may well face
intrinsic limits. The single lowest energy structure of a
nanocrystal will always be in the balance with a multitude
of higher energy defect structures, suggesting entropy will
eventually counteract atomic precision. Researchers can
accept these variations in structure and composition as a

matter of fact in nanocrystal research, and shift their goals
to atomically precise analysis. Single-particle studies
provide atomically precise information, but also ensemble
level methods can yield valuable insight. Especially when
different methods of analysis are combined to obtain a
comprehensive description of composition, structure and
surface termination, an atomically precise structure of the
average nanocrystal in a monodisperse ensemble may
emerge. Alternatively, nanocrystal synthesis could rise to
the challenge and develop methods to overcome defect
sensitivity. Here, guidelines can come from the established
synthesis of nanocrystals with an atomically precise
thickness or well-defined crystal facets, or the formation
of magic size clusters with ever-increasing dimensions.?¢

LIMITS TO ATOMIC PRECISION
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Figure 2. (a) Representation of a minimum energy structure
of a 2D square lattice and a defect structure characterized by
the displacement of a given atom. The defect state has an
energy € above the minimum energy state. (b) The probability
of finding the structure in the ground state as a function of
the number of atoms N in the lattice for different excess
energies as indicated.

Opposite from the benzene molecule, where attempts to
add a single hydrogen atom violate basic principles of
chemical bonding, extending a CdSe nanocrystal with a
single CdSe formula unit or a Cd oleate ligand sounds
hardly problematic. So how realistic is atomic precision
when talking about nanocrystals? To explore the limits to
atomic precision, we start from the notion that a given
nanocrystal has a unique minimum energy structure that
is characterized by a specific average position of the
constituting atoms. Structures with atoms in deviating
positions will have higher energy, so we call these defect
structures. Figure 2a shows the example of a square lattice
for which the minimum energy state corresponds to an
equal spacing a between the atoms. In the same figure, we
introduce an alternative state of that crystallite. This state
has a point defect, represented by the displacement of an
atom in the +x direction, that has an energy ¢ above the
ground state energy. Figure 2b represents the probability
P, to find the nanocrystal in the minimum energy state as
a function of the number N of atoms in the nanocrystal,
for different ¢ values. Interestingly, one sees that a 1000
atom lattice has a 50% chance to develop point defects
with an energy of 8k;T. Moreover, while finding point
defects with an energy of 4k;T is all but certain, higher
energy defects should be nearly absent; an observation



that underpins the idea that nanocrystals can be defect-
free by self-purification.?7-2#

This simplified model highlights the trade-off between
energy and entropy in nanocrystals, where the wide variety
of possible defects quickly leads to deviations from the
lowest energy structure. This tendency to form defect
structures seems a pervasive property of nanocrystals. Due
to their high formation energy, the concentration of
Schottky defects - uncompensated vacancies - in metal
nanocrystals is expected to decrease for crystallites smaller
than 100 nm,*» yet in Bi nanocrystals, Schottky defects
were still found to initiate melting upon heating.3°
Similarly, simulations indicate that dislocation motion
should no longer determine plastic deformation of
nanometer-sized crystallites.332 However, texturing due
to active dislocations was still observed in 3 nm nickel or
gold crystals under high pressure.3+ Wurtzite CdSe
nanorods were found to exhibit multiple zinc blende
stacking faults along the wurtzite ¢ axis.3s Similarly, twin
defects are a prominent feature in fcc gold nanocrystals,
which result in nanocrystals featuring decahedral or
icosahedral shapes.353¢ Even the ground state of Aus;
clusters was predicted to consist of a manifold of nearly
degenerate isomers.3?

The structure of colloidal nanocrystals is not limited to the
stacking of atoms in the inorganic core. Metal, metal
oxide, or semiconductor nanocrystals all feature outer
facets terminated by ligands, either as a residue of the
nanocrystal synthesis or as the result of deliberate surface
functionalization.3® Continuing with the example of CdSe
nanocrystals, adsorption sites on (100) facets exhibit
mostly similar binding energies.? Hence, as soon as not all
binding sites are occupied, many, nearly equivalent
distributions of ligands across a nanocrystal surface are
possible, with a missing ligand acting as the point defect
in the simplified model of Figure 2. Of particular relevance
here is that ligand displacement is not necessarily a high-
energy defect formation process. Specific complexing
agents - often present during synthesis or purification —
can displace ligands in an overall exothermic process when
the complexation energy compensates the ligand binding
energy.*# Hence, the ligand shell of nanocrystals in an
ensemble can readily differ by the distribution of ligands
across the surface, but also by the number of ligands at the
surface.

Figure 2b highlights that the probability of finding a
nanocrystal in the lowest energy state strongly increases in
the case of high energy point defects. Especially when
considering doped nanocrystals, this statistical result led
to the idea that nanocrystals expel impurities by self-
purification,?” especially when the doping energy were to
increase with decreasing nanocrystal size.*® However, even
if specific examples suggest self-purification to occur,* the
broad applicability of the concept remains a matter of
debate.® Despite self-purification, the formation of doped
nanocrystals proved possible by exploiting kinetic factors
such as the adsorption of the dopant at the nanocrystal
surface.+ Regarding the dopant as a defect, the latter point
underscores the role of the synthesis method in the
formation of defective nanocrystals. Especially under
kinetic control, colloidal synthesis can be tweaked to

produce nanocrystals with a variety of sizes, unusual
shapes or composition,” such as pentatwinned gold
decahedrons#4¢ or CdSe/CdS heteronanorods.+# Also
metastable crystal structures, not attainable in the bulk
become accessible.#95° The flip side is that a given
synthesis method may well produce nanocrystals with a
distribution of kinetically-trapped metastable structures,
instead of the single desired product.

In the above examples, both the core and the surface of
nanocrystals appear very much defect prone, and
eliminating defects by self-purification may not be the
correct approach to atomic precision. Hence, even
nanocrystal ensembles labeled monodisperse may readily
feature a diversity of structures. Thinking of atomically
precise nanocrystals, scientists should thus set their goals
accordingly. The first option is to accept diversity as a
given and shift the question to atomically precise analysis.

ANALYSIS WITH ATOMIC PRECISION

Single crystal
diffraction

Graphene liquid
cell TEM

Figure 3. The atomically precise analysis result of either a
small Zr¢O,(OH),(OOCCH;),, cluster via single-crystal
diffraction, constructed according to published data,s* or Pt
nanocrystals via graphene liquid cell TEM.5> Reprinted in part
with permission from ref 52. Copyright 2020 The American
Association for the Advancement of Science.

Single-crystal x-ray diffraction allows locating every atom
except hydrogen in a structure with high precision. The
method is widely used for the absolute structure
determination of organic molecules and metal complexes
and small clusters, see Figure 3. As it requires the growth
of single crystals, the technique has mostly been applied to
clusters with rigid ligands that assist the crystallization
process, such as phenylacetate-terminated InP clusters
with the structure formula Iny;P,o(O,CCH,Ph),.>5 Studies
on gold clusters have further pushed single crystal
diffraction towards larger objects. Using tert-
butylbenzene thiol ligands, an entire sizes series was
crystallized, from Au,s (1 nm) to Au,,, (2.2 nm).5 The latter
can be considered a small nanocrystal. Given exact
solutions for the structure, structure-function
relationships could be established. While Au,s-Auis;,
clusters show molecular behavior, the Au,,, cluster is
metallic and features a plasmon resonance.5 Despite this
recent progress, single-crystal diffraction has important
limitations for the structure analysis of nanocrystals. The
ligands present the first problem. While colloidally stable
nanocrystals are typically obtained with flexible or
branched ligands, rigid ligands are typically required for
crystallization and single crystal XRD. However, it is



encouraging that, even with flexible ligands, nanocrystal
superlattices can be formed,5* and often even show
alignment of their crystalline domains in 3 dimensions.
This brings us one step closer to single crystal XRD,
although the electron density of the ligands would be
disordered. Furthermore, the unit cell of such a crystal
would be several nanometers in size, causing the
reflections to be compressed at very small angles.
Therefore, measurements might happen in a similar
fashion to protein crystallography, most likely at
synchrotron facilities. However currently, the most
existential problem for single crystal XRD on nanocrystals
is the underlying polydispersity of the nanocrystals
precludes the formation of true single crystal superlattices.
This is a catch 22. The superstructure — and thus the
nanocrystal building blocks - needs to be atomically
precise for these building blocks to be determined with
atomic precision. So what about the atomically precise
analysis of single nanocrystals?

In the case of protein analysis, the difficulty of making
sufficiently large single crystals inspired research into
single (macro)molecule diffraction. Here, the use of fs
pulsed x-rays can overcome the unavoidable issues of
sample-damage that come with the use of higher intensity
x-rays when imaging smaller structures.>> Alternatively,
electrons focused in a nanometer wide parallel beam in a
transmission electron microscope (TEM) can be used to
record diffraction patterns. In fact, structure analysis by
3D electron diffraction has become a rapidly developing
technique that may find applications in nanocrystal
research.5® Published examples, however, involve TEM-
based imaging of single nanocrystals. For example, the
structure of single Pt nanocrystals was determined by
dispersing the crystallites in a graphene liquid cell, were
the rotation freedom allows for taking consecutive images
of the same nanocrystal under different orientations.>?
Using a tomographic algorithm, the 3D structure can be
reconstructed from such an image series. Alternatively,
single-particle 3D reconstruction was recently used to
identify 5-10 nm silica structures with a dodecahedral
shape. Here, a machine-learning algorithm was used to
sort 10000 TEM images, taken randomly on structures with
different orientations.>®

Recently, atomically precise structures of Pt nanocrystals
obtained through liquid cell TEM imaging were published,
see Figure 3.5 The apparently monodisperse ensemble still
contained nanocrystals featuring differences in
interatomic distances, internal defects, and strain.
Moreover, the nanocrystal core appeared more ordered,
and the surface more disordered. It is a telling result that
exemplifies the limits to atomic precision discussed
before. Hence, upon accepting the reality of
heterogeneous ensembles in nanocrystal research, a key
question becomes whether atomically precise average
structures can represent nanocrystal ensembles, and how
to define and determine these. Studies focusing on such
average structures will need high throughput single
nanocrystal analysis or - often the more straightforward
approach - ensemble measurements.

ATOMICALLY PRECISE REPRESENTATIONS

Atomically precise structures have been used for years to
represent nanocrystals in an ensemble and relate
properties to structure. Electronic structure calculations
by atomistic methods, such as tight-binding (TB),
pseudopotential (PP), or relaxed structure determination
by density functional theory (DFT) are impossible without
explicit structure models.?%* In the case of binary
compounds such as PbSe, nanocrystal models were used
to interpret the increasing the Pb:Se ratio with decreasing
size as a Pb surface excess.®> More recently, a realistic
surface termination of nanocrystals was included to
investigate the occurrence of electronic surface states,” the
ligand binding energy,# or the interaction between ligands
and the surrounding solvent.®4 Given this ongoing
evolution, the question is whether and how ensembles can
be represented by a single, atomically precise average
nanocrystal. This is by no means an obvious point. What
average structure should, for example, represent an
ensemble consisting of an equal number of cubes and
tetrahedrons? In addition, relying on atomically precise
averages only make sense when impurity-related batch-to-
batch variations in synthesis outcome are minimized.%
However, in case an average structure makes sense, the
actual question is how the characteristics of such an
average, atomically precise nanocrystal can be
determined.

Probably the most unequivocal property when talking
about ensemble averaging is the nanocrystal mass. Using
Matrix-Assisted Laser Desorption/lonization, coupled
with Time of Flight Mass Spectrometry (MALDI-TOF MS),
researchers determined the mass of Au clusters,%” metal
oxide nanocrystals,®® and semiconductor nanocrystals.®®
MALDI is a soft ionization technique, that can avoid
fragmentation of the nanocrystal core and leave ligands
attached. For atomically precise ensembles, this allows
measuring the mass of the total structure with high
resolution, fully consistent with the theoretical isotope
distribution. As demonstrated for the Au,s(SCH,CH,Ph),s
cluster,®’ this approach is atomically precise and provides
mass and composition in a single chemical formula.
However, when lacking atomically precise ensembles, MS
has not been applied to determine the chemical formula of
nanocrystals. The inherent polydispersity of the NCs
causes excessive peak overlap. Instead of a single peak, a
broad distribution of masses is obtained. Still, while
information on composition is lost, such a distribution
does yield the average nanocrystal mass. Alternative
methods to measure average masses — or rather the
nanocrystal volume - involve direct imaging through TEM
or small-angle x-ray scattering (SAXS). While both
techniques have limitations — mostly because they do not
give a direct measurement of the nanocrystal mass -
consistent analysis results have been demonstrated for
MALDI, TEM and SAXS, especially for nanocrystals larger
than ~5 nm.% 68

An average mass does not entail an average structure.
While advanced TEM-based diffraction and imaging can
yield atomically precise structures on specific
nanocrystals, ensemble measurements are often more
widely applicable. Sample damage is generally less of an



issue and the parallel rather than serial analysis of multiple
nanocrystals makes for more time-efficient ensemble
averaging. To determine crystal structures, powder
diffraction is a first method of choice.” However, crystals
below 10 nm suffer from considerable peak broadening,

precluding structure determination of nanocrystals with
atomic precision.” Analysis of total scattering by
synchrotron X-rays or neutrons works around this
problem. In total scattering, both the Bragg and diffuse
scattering are measured up to large scattering vectors.”
From the recorded scattering pattern, the pair distribution
function (PDF) is calculated, which yields the distribution
of distances between atom pairs in the nanocrystal.
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Figure 4. Attenuated crystal PDF modeling of monodisperse
zirconia nanocrystals with a diameter of 4 nm. See ref 73-74
for details.

Experimental PDFs are regularly analyzed by two
approaches. Attenuated-crystal models are built from a
unit cell, expanded in three dimensions, and the finite
nanocrystal size is accounted for by a spherical envelope
function.”> As shown in Figure 4, the experimental PDF
recorded on an ensemble of monodisperse, high-quality
ZrO, nanocrystals could be modeled in this way with
residuals close to bulk standards.’ Alternatively,
atomically precise nanocrystal structures can be built
atom-by-atom and evaluated through discrete modeling.
By not using an envelope function to terminate the
nanocrystal, a more accurate, atomically precise structure
model can be obtained. This approach is especially
relevant in the case of complex nanostructures, such as
decahedrally twinned metal nanocrystals,? or tetrahedral
CdSe clusters.”77 By fitting entire libraries of nanocrystal
models with different structural motifs and sizes, an
optimal average structure can be identified,” but absolute
atomic precision remains difficult to achieve due to
degenerate solutions with a similar goodness-of-fit. A
drawback of x-ray PDF analysis is the emphasis on the
heavy atoms of the core, since light elements in the ligands
have a much lower scattering cross-section. In contrast,
neutron PDF can also integrate ligands in the modeling,7®
but reports on the precise analysis of nanocrystal surfaces
by neutron scattering are still lacking.

Routine techniques to identify surface ligands are 'H and
3P solution and solid-state Nuclear Magnetic Resonance
(NMR) spectroscopy.? 7 885 However, when used to study
ligand-nanocrystal coordination, these techniques do not
yield the atomically precise structure information they are
renowned for. Take the example of the

Ing,P,o(O.CCH,Ph),, cluster, the structure of which was
determined by single crystal XRD. Four different binding
modes (symmetric bridging, asymmetric bridging,
bidentate and bidentate+dative) were identified for the
phenylacetate ligands, leading to 20 different coordination
environments for 51 ligands!> This points towards a
particular impediment when analyzing nanocrystal
ligands through NMR spectroscopy: even in an atomically
precise ensemble, ligands will occupy hundreds of
chemically different binding sites. A study on ligand
desorption from CdSe nanocrystals showed the tip of this
heterogeneity iceberg. By combining NMR spectroscopy
and DFT simulations, it was found that CdSe nanocrystal
surfaces contain a multitude of nanocrystal-ligand
interactions with varying binding affinity.# For structural
analysis, this is a deadlock. To directly distinguish
different binding sites, each site should lead to ligand
resonances with distinct chemical shifts. The most likely
end result, however, is a multitude of small chemical shifts
leading to a single, heterogeneously broadened resonance
in which atomically precise structural information is lost.,
unless specific binding modes dominate.? Most likely, any
spectroscopic technique will face this issue when
analyzing nanocrystal-ligand binding. Even solid-state
NMR struggles to go beyond a mere distinction between
surface atoms and core atoms; a far cry from an atomically
precise picture of surface structures.?7-88

Despite the limitations for structural characterization of
nanocrystal surfaces, NMR spectroscopy can provide
unique chemical insight in the ligand-surface
interaction.®> This information is most conveniently
summarized through the ligand binding motif, where
Green’s ligand classification has been introduced to
identify different ligand-nanocrystal bonds in the case of
metal, metal oxide and semiconductor nanocrystals.®
Binding motifs are now used to describe nanocrystals
through semi-quantitative chemical formulae.”® These
distinguish between core and surface composition, and
enable nanocrystals to be treated as compounds in
chemical reactions.
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Figure 5. Average nanocrystal structures that represent a
nanocrystal ensemble can be established through a
combination of experimental methods that address
composition, structure and surface chemistry.

What the above overview makes clear, is that no single
technique will give an atomically precise, average
structure that represents a nanocrystal ensemble. On the
other hand, as highlighted in Figure 5, the combination of
several techniques, like the ones discussed above and
others, provides a clear pathway to obtain such average
structures. For polydisperse ensembles, the average
chemical formula can be obtained by analyzing mass or
volume through MALDI, SAXS or TEM and composition
and the ligand fraction through Rutherford Back
Scattering or thermogravimetry, and quantitative NMR,
respectively.8s 9" SAXS data (shape and size) can be linked
with PDF (crystal structure) to derive a more precise
atomic model of the nanocrystal core.9>9% NMR
spectroscopy can connect both elements through the

Facet control

Cu 100 and 111 facets

Atomically
precise
synthesis

ligand binding motif. Ideally, structure solving would be
performed in a global optimization algorithm that takes
into account the boundary conditions provided by the data
of many different characterization techniques.”

Atomically precise averages are increasingly used to study
nanocrystals through a combination of experimental
research and modeling at different length scales.? 64 9410
In the case of semiconductor nanocrystals, the use of
structural models with experimentally verified ligand-
nanocrystal interactions greatly enhanced the scope of
electronic structure calculations. While initial studies
using tight-binding or pseudopotential theory focused on
the nanocrystal core - thereby terminating the surface by
mathematical constructs such as pseudo-hydrogen or
ligand potentials®® - DFT methods could shift from using
hypothetical structures®? to comprehensive nanocrystal
models that reflect the nanocrystal composition and the
nanocrystal-ligand binding motif.” 9 In this way, the
relation between surface termination and the formation of
surface-localized electronic states was laid bare, and
successful strategies to passivate nanocrystal surfaces were
discovered.°> Moreover, this approach not only enhanced
understanding of  structure-property relations in
nanocrystals, but also widened the research scope from the
properties of the nanocrystal core to the binding and
packing of ligands'® and the interaction of nanocrystals
with their surroundings.®# Hence the importance of
constructing atomically precise average nanocrystal
structures.

Despite the potential of atomically precise average
structures to advance nanocrystal research, no clear rules
have been formulated as to how the best structure should
be identified. Moreover, while a single average structure
may well represent a highly monodisperse ensemble, a
proper description of polydisperse ensembles may need a
set of different structures. Finally, while such issues can be
sorted out in the near future, the fact remains that highly
involved analysis will not suffice to amplify specific
structure-property relations; this will require the
formation of atomically precise nanocrystals.
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Figure 6. While Au nanocrystals synthesis has achieved the formation of 2.2 nm Au with atomic precison, other fields have
mastered atomic precision light where only one aspect (thickness or exposed facets) is controlled with atomic precision.

SYNTHESIS WITH ATOMIC PRECISION

Most likely, the largest atomically precise nanocrystals
formed are 2.2 nm Au,,, clusters. For other materials, such

as CdSe, InP and ZrO,, atomic precision is only achieved
at much smaller sizes.>> 76 3 Of course, a perfectly
monodisperse material can only be formed if structures
exist that correspond to a sufficiently deep free energy



minimum, ie., magic sizes. In such a case, adding or
subtracting an atom is highly unfavorable, and only the
desired structure is formed. This principle is reflected in
the gold cluster series with tert-butylbenzene thiol
ligands, where Au,s, Auses, Auyy, Aus, Aug,, Alyg;, and Aus,,g
form but not the intermediate structures.’ Several
approaches lead to pure Au clusters.'* By fractionation, a
mixture of clusters is separated in atomically precise sub
ensembles. Upon size focusing, the mixture is exposed to
severe conditions, under which only the stable clusters
persist and unstable clusters are dissolved. During etching,
larger nanocrystals are partially dissolved until a stable
cluster is formed. In the transformation strategy, one
stable cluster is converted in another by exposing the
original cluster to different ligands. Finally, using kinetic
control, the reduction reaction is slowed down and such a
controlled reaction favors a single cluster size. It appears
that stable cluster sizes are mostly determined by
geometric considerations and ligand binding.5> 4 In the
case of semiconductor or ceramic materials, atomically
precise clusters are typically synthesized from highly
reactive precursors at low to moderate temperatures (-78
-100 °C).2» 75195 This stands in contrast to the synthesis of
their nanocrystal counterpart, which is typically
performed at significantly higher temperatures (240 - 340
°C). Undoubtedly, thermal energy should be limited in
cluster synthesis since it allows to overcome activation
barriers, away from the intended atomically precise
structure.

It thus appears that the synthesis of nanocrystals (> 2 nm)
with atomic precision in all its aspects remains an
outstanding challenge. It is useful to draw the parallel with
organic chemistry, where often even single-step reactions
feature byproducts, and purification of the target
compounds is necessary. As a consequence, multistep
reaction sequences often take a dramatic hit in overall
yield, even when executed by a highly skilled chemist.
Taking into account that nanocrystal nucleation and
growth involves thousands of reactions, it is almost
surprising that relatively monodisperse nanocrystals can
be formed in high yield, albeit not with atomic precision.
Efforts into focusing the nanocrystal ensemble during
crystal growth,” are helpful to some extent but cannot
achieve atomic precision. They are a poor man’s
implementation of an ideal. The question presents itself
whether striving for atomic precision is worth the effort
since for many applications, the properties of a structure
with a few atoms more or less is not significantly affected.
In this case, we can set more realistic goals and aim for a
light version of atomic precision, which can well suffice to
amplify specific nanocrystal properties.

A particular example of atomic precision light are colloidal
nanoplatelets.® These are flat sheets of semiconductor
that are atomically precise in one dimension (thickness)
while their width and length are polydisperse. The atomic
precision in one dimension leads to exceptionally narrow
photoluminescence lines (fwhm < 15 nm). Since a narrow
fwhm is important for optical applications, nanoplatelets
represent a new paradigm. Spherical nanocrystals with
narrow size dispersions on their diameter are suddenly
outcompeted by objects with atomic precision in a single

dimension. Such nanoplatelets are typically synthesized by
a combination of short and long-chain carboxylate ligands.
Once the symmetry is broken, the preference for lateral
growth is explained by the smaller nucleus size on the edge
of a platelet compared to a large facet.*” Even ripening -
usually a contributor to increased polydispersity -
proceeds in discrete phases, where two-monolayer
platelets are sequentially converted to three-monolayer
and then to four-monolayer platelets.® These discrete
transitions are accompanied by discrete shifts in the UV-
Vis and photoluminescence spectrum.' Fine tuning of the
emission positon is thus limited; an intrinsic disadvantage
of these systems. Interestingly, such atomic-precision-
light structures are unique model systems to investigate
structure-property relations. In the case of CdSe
nanoplatelets, a clear distinction could be made between
strong ligand binding on facets and weak ligand binding
on near-edge sites.3® Further passivating these latter states
then leads to robust photoluminescence.™

Another example of atomic precision light is facet control.
In heterogeneous catalysis, distinct facets often have a
different activity or selectivity.™ For example, the (101)
facets of anatase TiO, appeared more active that the (0o1)
facets in the catalytic photoreforming of methanol." In the
reduction reaction of CO,, Cu (100) facets are more
selective for ethylene, while Cu (1) facets are more
selective toward methane.”>3 Small nanocrystals have an
increased surface-to-volume ratio, which raises the
number of catalytically active sites. While size-activity
relations are observed in catalysis, perfect atomic precision
is less important than exposing the right facets and
edges."#"5 Facet control is typically achieved by
preferential coordination of ligands on certain facets. For
example, fluoride ions expose the (oo1) facet of anatase
TiO,.9 As a general rule, fast growing facets eliminate
themselves. This means that fluoride ions bind strongly
and selectively to the (oo1) facet, thus preventing further
growth. In fact, halides are versatile tools to tune the
nanocrystal shape of many materials."® Surfactants are
another major tool to steer anisotropic growth. TiO2
nanorods were obtained by the addition of lauric acid to
the reaction of titanium isopropoxide and titanium
chloride in trioctylphosphine oxide. By using
alkylphosphonic acids of different lengths and a seed
mediated growth strategy, CdSe/CdS nanorods with high
aspect ratios were obtained. Furthermore, Cu nanocrystal
spheres are obtained from CuBr in the presence of
trioctylphosphine while Cu cubes are obtained in the
presence of trioctylphosphine oxide, again showing the
influence of the ligand."”

CONCLUSION

Starting from the idea that nanocrystals form a bridge
between the world of small molecules and bulk materials,
we explored the prospects of atomic precision in
nanocrystal science. Based on a broad overview of
materials and properties, we conclude that the propensity
of nanocrystals to form defects may be a major
impediment to atomic precision. On the other hand,
several examples in the literature indicate that atomic
precision light, where specific features of nanocrystals are



controlled with atomic precision, is a realistic option that
may well serve the needs of nanocrystal applications. On
the other hand, it appears that major steps are being taken
to achieve atomically precise analysis. Especially the
combination of elemental, structural and chemical
information opens a path to determine atomically precise
average structures. Under some conditions, such averages
can represent polydisperse ensembles and be used to
explore structure/property relations through combined
experimental/computational efforts. We believe this
approach is readily applicable to a broad range of
nanocrystals, and will have a profound impact on
nanocrystal research in the years to come.
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