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Abstract

We take here the perspective of a nanochemist on the field of colloidal nanocrys-
tals, focusing specifically on nanocrystal synthesis. Considering the three components
of a colloidal synthesis, we discuss the chemistry that occurs with precursors, lig-
ands, and solvents. Insight into the coordination chemistry and the organic chemistry
of nanocrystal syntheses brings us one step closer to a retro—synthetic analysis of a
nanocrystal reaction. We also reflect on different crystallization mechanisms (either
under thermodynamic or kinetic control). We consider the possibility that the differ-
ent models are simply describing different experimental conditions and are not funda-
mentally at odds with one another. However, we do critically evaluate the use of the
terms monomer and burst nucleation. Finally, we discuss good chemical practices for a
nanochemist, and we try to define nanocrystal purity. This perspective will hopefully
inspire researchers in colloidal nanoscience to think more about chemical equations,
consider reaction by—products, and come together as a field to agree on standard re-

porting practices for colloidal nanocrystals.



1 Introduction

The modern field of colloidal nanocrystals started in 1993 with the seminal paper of Murray,
Norris and Bawendi.! The formation of CdSe, CdS and CdTe nanocrystals was reported from
dimethylcadmium, tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide (TOPO) and an
appropriate chalcogen precursor. This report contained the basic components for the follow-
ing three decades of research; precursors that convert at high temperature in the presence
of surfactants (ligands), thus forming colloidal objects that are organic/inorganic hybrids.
While gold colloids could already be synthesized since 1951 — Turkevich, Stevenson and
Hillier reported that gold salts are reduced by citrate in boiling water to gold nanocrystals?
— the use of surfactants, nonpolar solvents and high temperature provided much finer size
control, and allowed access to materials with higher crystallization temperatures or with
higher complexity.

Over the years, the field has acquired more control over the nanocrystal size distribu-
tion,? shape,? composition,® and heterostructure,® while at the same time using safer, less
toxic precursors.” A historic overview of the development of semiconductor nanocrystals
(called quantum dots) was recently provided by Efros and Brus, who stood at the gen-
esis of their field.® Although CdSe was long the prototypical nanocrystal, many different

types of nanocrystals have been produced,? e.g., III-V semiconductors, '° plasmonic oxides, !
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refractive oxides, metals, and metal halides.'™8 Once their size distribution was

minimized such that the ensemble could be deemed monodisperse, nanocrystals have been
developed as meta-atoms; nanometer-sized building blocks for microscale and macroscale
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matter.1%2° Nowadays, nanocrystals are optimized as heterogeneous catalysts,, as bat-
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tery electrodes,? as downconverters in LEDs,
While nanocrystals have exciting applications, it is useful to reflect on the chemistry
that is responsible for their formation. Has the field reached a level of maturity that enables

retro—synthesis of colloidal nanocrystals? Can we write a balanced chemical mechanism for

precursor conversion and/or crystallization? Are we considering the nature of possible by—



products in our purification strategies? These are only some of the questions that we try to
answer in this perspective.

While synthesizing nanocrystals is sometimes referred to as cooking nanocrystals, it is
the goal of the nanochemist to elevate this intuitive skill into reproducible science. A col-
loidal synthesis has three essential components: precursors, surfactants and solvent. We will
first discuss the chemistry associated with each of these three components (which involves
coordination chemistry and organic chemistry). Subsequently, we ask ourselves the ques-
tion as to how nanocrystals crystallize, i.e., how they nucleate and grow. There are two
mainstream models for nucleation and growth, which either function under thermodynamic
control or kinetic control. Finally, we reflect on good chemical practices for the nanochemist
and discuss reagent purity and product purity. Conceptualizing a colloidal synthesis as a
sequence of (many) chemical reactions, we can draw parallels to typical organic chemistry
endeavours such as the total synthesis of a natural product. In contrast to organic total
synthesis, colloidal nanoscience does not yet have a history of applying a retro—synthetic
analysis. It is the ambition of many nanochemists to achieve a level of mechanistic under-
standing that enables the retro—synthesis of particular nanocrystal shapes, compositions,

sizes and heterostructures. 62

2 The chemistry of precursor conversion

Precursors are molecules or metal complexes that contain the individual elements of the
final nanocrystal in a different form. Therefore, the first step in colloidal synthesis is usually

the conversion of the precursors into the intended product. Given its importance, precursor
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conversion has been studied in many nanocrystal systems: metals, metal sulfides and

73135 metal oxides,30%® lead halides,?® and metal pnictides.***3 In such efforts,

selenides,
nanochemists aim to write down the complete and balanced chemical equation, after de-

termining the correct stoichiometry of the reaction and identifying reaction by—products.



Ideally, this is complemented with a rigorous kinetics study to obtain further details about
the mechanism. Mechanistic insight is very useful to develop new syntheses and to optimize

existing ones. We will discuss here a few selected examples from our own research.

2.1 Disproportionation to InP

InP can be synthesized by reacting InX, salts (X = Cl, Br, I) with aminophosphines, e.g.,

P(NEt,)s, in oleylamine solvent (which also acts as a surfactant and as a reagent). 1445

oleylamine

While indium is already is the correct oxidation state, phosphorus needs to be reduced.
Oleylamine is often playing the role of reductant, but not in this case. Here, 75 % of the
phosphorus is oxidized to reduce the other 25 % (i.e., a disproportionation reaction).%46 The
disproportionation does not occur directly with the secondary aminophosphine precursor,
but requires a primary aminophosphine. The diethylaminophosphine thus first undergoes a

transamination reaction with oleylamine.

P(NEt,); + 3RNH, —» P(NHR), + 3 HNEt, 1 (2)

Subsequently, three equivalents of oleylaminophosphine reduce a single P(+III) to P(-I1I),
see Scheme 1. Three equivalents of tetra(oleylamino)phosphonium chloride are formed as

by—products. The fully balanced chemical equation for this reaction becomes

InX, + 4 P(NEt,), + 12 RNH, — InP + 12HNEt, 1 + 3 [P(NHR),X] (3)

This chemical equation rationalizes what appeared to be a strange experimental obser-
vation: the need for 4 equivalents of the aminophosphine to reach full yield in indium. By

understanding this mechanism, nanochemists could also understand why a similar strategy
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Scheme 1: Disproportionation reaction of aminophosphines, forming InP nanocrystals. 4

for synthesizing InAs failed; the aminoarsine precursors (As(NR,),) do not disproportionate.
Fortunately, three equivalents of aminophosphine can reduce one equivalent of aminoarsine,

and InAs quantum dots were successfully formed according to:

InX, + As(NEt,), + 3P(NEt,), + 12 RNH, — InAs + 12HNEt, T + 3 [P(NHR),X] (4)

2.2 Secondary aldimines as key intermediate in nitride formation
Copper nitride nanocrystals are typically synthesized by a simple heat-up method.*”*° Cop-
per nitrate is heated in oleylamine and after 15 min at 260 °C, copper nitride nano-cubes
are formed with a cube edge length of around 10 nm.

Cu(NO,), - 3H,0 —— Cu,N (5)

oleylamine

We found that Cu(Il) is first reduced to Cu(I) by oleyamine around 190 °C.** The by
products are: a primary aldimine and two protons, see Scheme 2. We experimentally con-
firmed the 2:1 stoichiometry of copper to amine. This is an exciting result because it shows
the complete and balanced redox reaction, including by-products that can be easily over-
looked such as protons. We conclude that oleylamine is a two—electron reductant. Aldimine
seems to be the general oxidation product of oleylamine as it has also been identified in the
synthesis of Cu(0) and Pd(0) nanocrystals from metal acetylacetonate precursors.®’>!

As a second part of our investigation, we focused on the source of nitride in copper

nitride.#® The nitrate anion also oxidizes primary amine to a primary aldimine, albeit at

slightly higher temperatures (above 220 °C). The primary aldimine, produced by both



Cu?* + e —> Cu*

RONH, —= R7SNH +2H* +2€

2Cu2*+ R ONH, — 2Cu*+ R XNH +2H*

Scheme 2: Redox half reactions and overall redox reaction for the reduction of Cu®*" by

primary amines.*3

oxidation mechanisms, reacts further with another equivalent of oleylamine to a secondary
aldimine, concomitantly eliminating ammonia. Ammonia reacts with Cu(I) to copper nitride
(again releasing three protons). The overall pathway is shown in Scheme 3.43 There is a high
similarity with the pathway towards InN formation,%? where In(III) is reduced to In(0),
forming also the primary aldimine. The secondary aldimine formation and ammonia release
thus seems a useful mechanism to produce nitrides, which are generally a challenging and

underdeveloped nanomaterials class.®

R™ NH, Cu(ll)
l+N03 - R7SNH i+ R7NH,
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l+ R™NH,

CU3N
N
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Scheme 3: The proposed pathway for CusN formation. Precursors are shown in black,
detected species in red, and hypothesized intermediates in blue.*3

2.3 ZrO, formation by E1 elimination

Very high quality (i.e., crystalline, colloidally stable and monodisperse) nanocrystals of

zirconia can be synthesized from zirconium chloride and zirconium isopropoxide in tri-n-



octylphosphine oxide. '3

0.45 mol/kg, 340°C
TOPO

1.25 ZrCl, + Zr(OiPr), - iPrOH > 2.25 7210, + 5 iPrCl (6)

While the above equation captures the zirconia formation, it is based on two assumptions:
(1) the coordinated isopropanol participates in the reaction, and (2) the reaction proceeds
through an Sy1 substitution mechanism, producing isopropyl chloride. We have recently
shown that the reaction mixture contains mixed chloroalkoxide species: ZrCly(O:Pr) and
ZrCl,y(OiPr),.%® These species are unreactive towards isopropanol and thus only a stoichio-
metric amount of zirconium chloride is required in the reaction. We also provided evidence
for an alternative mechanism based on E1 elimination, see Scheme 4. After ligand redis-
tribution and condensation in ZrO,, we found that ZrCl, is retrieved as a by-product of
the reaction. Also the formation of isopropanol was confirmed. We estimated the relative
contribution of the E1 and Sy1 mechanism as 80 : 20. Using this new mechanistic insight,
we adapted the synthesis to optimize the yield and gain control over nanocrystal size. By
repeatedly injecting zirconium isopropoxide in the reaction mixture, the ZrCl, by-product
is consumed and the reaction is extended. As a result, the nanocrystals grow to larger sizes

and the yield increases significantly.3®

1) E; elimination

o N, A9
Zr—04<—> Zr—0 + Hv/\_, Z—OH + Xy
HY

2) Ligand redistribution
2 ZICl,(OH)(OIPr) —=  ZrCly + Zr(OH),(OiPr),
3) Condensation
ZHOH),(OPr), ~ —= ZrO, + 2 iPrOH
Overall reaction
2 ZICly(OiPr), —= ZrCly+Zr0,+2 X+ 2 HO/Pr
Scheme 4: Our alternative pathway for the formation of zirconia nanocrystals is based on E1

elimination, ligand redistribution, and condensation reactions. Reproduced from reference.?®
Copyright 2022 American Chemical Society.



The cases of zirconia and InP clearly show that mechanistic understanding directly en-
ables the nanochemist to go further than the state-of-the-art. Either new materials could
be formed or the size was tuned. However, we are only scratching the surface in terms of
mechanistic insight. We indeed managed to write a balanced chemical equation, but the
next step is a detailed analysis of the kinetics. We are currently pursuing this avenue for

group 4 metal oxide nanocrystals.

3 The chemistry of ligands

Surfactants, or ligands in general, are an important component of colloidal synthesis. They
have typically long aliphatic chains and a polar binding group. Ligands form complexes with
metal precursors, providing solubility in the typically used nonpolar, high boiling solvents.
In addition, ligands bind to the nanocrystal surface, providing colloidal stability. While a
colloid has usually a colloidal stability (i.e., a metastable state), it was shown that very small
nanocrystals have an equilibrium solubility.?®¢ To differentiate from the regular solubility
of a solid, the term colloidal solubility was introduced.®” For small nanoparticles, the col-
loidal solubility is not determined by core—core interactions, but rather by the crystallization
behaviour of the ligands.?®*® Branched chains, chains with double bonds, or mixtures of
long and short chains, are all effective in preventing ligand crystallization on the nanocrystal
surface, and thus provide a high colloidal solubility. 5360

Ligands have thus an important function, but they can also be involved in side-reactions.
The ligand oleylamine is often involved in precursor conversion chemistry,%' see also the pre-
vious section. In general, one cannot assume that the ligands added to the reaction, are
also the ligands ending up on the final nanocrystal surface. Ligands are not per definition
inert but ligand transformations have received a lot less attention than precursor conver-

sion. We will discuss here a few examples were we found (sometimes surprising) ligand

transformations, usually with important consequences for the final nanocrystal.



3.1 Decomposition of TOPO

During the synthesis of TiO,, ZrO,, and HfO, nanocrystals at 300-360 °C, the ligand /solvent
tri-n-octylphosphine oxide (TOPO) oxidizes to dioctylphosphinic acid and octylphosphonic
acid.% The octylphosphonic acid dehydrates and forms an anhydride. Although the oxida-
tion only proceeds to a small extent (probably consuming adventitious oxygen), the formed
decomposition products have a much higher affinity for the metal oxide nanocrystal sur-
face than TOPO itself. Thus, the nanocrystal surface adsorbs the decomposition products
and the surface becomes highly complex with three different species present, see Figure 1.

1-octene is a by—product of the oxidation, and is observed refluxing in the reaction setup.%
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Figure 1: Titanium, zirconium and hafnium oxide nanocrystals synthesized in TOPO are
capped with TOPO and its decomposition products, resulting in a complex ligand shell.
The three species are present in the phosphorus NMR spectrum. Adapted from reference.®?
Copyright 2017 American Chemical Society.

3.2 Oxidation of oleylamine to oleic acid

We established in the previous section that oleylamine is oxidized to aldimine by nitrate.
We recently found that the reaction does not stop there but can proceed all the way to
carboxylic acid.®* As a model system, we investigated the synthesis of CeO, nanocrystals,
from cerium nitrate and oleylamine.

Ce(NO,), - 6 H,0 + RNH, —— CeO,__ (7)

hexadecane



The metal nitrate forms first a complex with oleylamine, which subsequently decomposes,
producing a myriad of by—products, see Scheme 5 . The primary aldimine is hydrolyzed
by adventitious water to aldehyde, which is further oxidized to carboxylic acid (presumably
by nitrate or one of the nitrous decomposition products). Since carboxylates has a higher
binding affinity to oxide surfaces that oleylamine, the final particles were capped with car-
boxylate and not with oleylamine. % Interestingly, nickel, zinc and zirconium nitrate show a
similar reactivity. Also in the case of copper nitrate, carboxylate is retrieved at the copper

nitride nanocrystal surface, albeit as a co-ligand with oleylamine. 3
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Scheme 5: Proposed Reaction Path for the Formation of Carboxylic Acid through the Ox-
idation of Coordinated Alkylamines by Nitrate. Reproduced from reference.®* Copyright
2021 American Chemical Society
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3.3 Oligomerization of phosphonic acid

Phosphonic acids are often used for colloidal syntheses above 300 °C since metal carboxylates
decompose at these temperatures. %% Phosphonic acids do not decompose but still dehydrate
to form phosphonic acid anhydride, see Scheme 6.3157 The reaction can proceed with the
second acidic group, producing phosphonic acid anhydride oligomers. In the presence of this

oligomer, CdSe nanocrystals can aggregate or form a gel.%

(0]
Il
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P A Pl _P_ P

(M*2) R71S0H ——  HO” 11071 0 1 0H + (n+1) Hy0
OH R\" R /R

Scheme 6: Formal dehydration of phosphonic acids. In practice, often a dehydration agent is
also present in the reaction mixture. Reproduced from reference.%” Copyright 2022 American
Chemical Society

To prevent gelation, we developed a new ligand class: mono-alkyl phosphinic acids. %7
When substituting phosphonic acids with mono—alkyl phosphinic acids, no mascroscopic gels
were formed, and the ease of nanocrystal purification improved significantly. Interestingly,
the reactivity of the cadmium phosphinate was intermediate to the reactivity of cadmium
phosphonate and cadmium carboxylate. This provides the nanochemist with an additional
handle on the reaction kinetics, which is currently mostly controlled by the chalcogen pre-
cursor. 333469

The chemistry of ligands is usually undesired or at least surprising. While we were able to
discern certain chemical pathways, a fully balanced chemical equation is often missing since
elusive gaseous reagents or by—products are involved. Since ligands modulate the nucleation
and growth of nanocrystals (see further), the changing ligand composition in the reaction

mixture is likely to have an important effect. The kinetics of these ligand transformations

are thus highly relevant, yet unknown.
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4 The undesired chemistry of solvents

A crucial element of a colloidal synthesis is the solvent, which is ideally an innocent by-
stander. Some ligands such as oleylamine and TOPO are also often used as solvent, but
other solvents are only meant as a heat transfer medium. However, nanocrystal syntheses
require high temperatures and often aggressive reagents. Few chemicals are able to remain
truly inert under such conditions. For example, 1-octadecene (ODE) is a popular (and
economical) solvent. Unfortunately, ODE polymerizes at temperature above 120 °C and
produces significant amounts of polymer over the course of a nanocrystal reaction at 240—
320 °C."™ Given the similar size and polarity of ligand-capped nanocrystals and poly(ODE),
purification is very difficult using precipitation/redispersion cycles or size exclusion chro-
matography (SEC).”™ Poly(ODE) is therefore most likely the cause for many (unpublished)
anecdotes on gels and oils that researchers obtain during the purification process. Polymer-
ized ODE can also be responsible for a visual turbidity, for example in the case of TiO,
platelets synthesized according to Gordon et al, see Figure 2.™ One of the reagents (TiF,),
acts as a polymerization catalyst, exacerbating the problem. For many reactions, ODE can
be easily replaced by hexadecane (liquid at room temperature, bp = 287 °C) or octadecane
(solid at room temperature, bp = 320 °C), resulting in particle ensembles that are much
easier to purify.

Other solvents such as TOPO and oleylamine have been investigated but since they are
also ligands, they were discussed in the previous section. While squalane is likely to be inert,
squalene has multiple double bonds. Given that the double bonds in squalene are highly
substituted they are much less reactive, but under the right conditions, even squalene could

exhibit side-reactions. Diphenylether is another solvent that should be investigated.
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290 °C
TiF, + HOOCR + RNH, ———  TiO,
solvent

hexadecane 1-octadecene

no polyODE polyODE

Figure 2: During the formation of titania nanoplatelets in ODE, also a large amount of
polymerized ODE is formed, which is macroscopically visible as turbidity. Using hexadecane
as solvent, the dispersion is clear and transparant.™

5 Crystallization into nanocrystals

After (or during) precursor conversion, the constituting atoms have to come together in
an organized fashion (crystallization), preferably forming highly monodisperse nanocrystals
with control over size, shape, composition, crystal structure and heterostructure. From a
chemical perspective, it is extremely impressive that a one—pot synthesis with thousands of
simultaneous reactions produces these rather uniform objects containing several thousands
of atoms. Perfect atomic precision can be obtained for very small clusters but is generally
elusive for larger sizes.”

When addressing crystallization, a distinction is usually made between the formation of
new particles (nucleation) and the growth of existing particles. For a finite amount of pre-
cursor, the balance between nucleation and growth determines the final number of particles
and thus the particle size (at full yield). Indeed, more nucleation increases the number of
particles. Since the same amount of material is distributed over more particles, the final
particle size will be smaller. In the literature, there are several theories and approaches that

aim to describe the process of nucleation and growth. They can be roughly divided in ther-

modynamic models (basel on classical nucleation theory) and kinetic models. We will discuss
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their assumptions, conclusions, advantages and disadvantages in the follow paragraphs. In-
terestingly, some key insights were provided by both models. It is therefore good to keep in
mind that a model is just that; a model. Not necessarily reality, models help us conceptualize
and to predict reaction outcomes. The nanochemist should be open to (radically) changing

the model when confronted with convincing (dis)proof. ™

5.1 Thermodynamic models of nucleation and growth

In the following, we will assume that the nanocrystal synthesis proceeds via a relatively slow

precursor conversion step. %7475

p v, \p S22 Ne (8)
The conversion of precursor (P) generates a monomer (M). The monomer is defined as a
soluble building block. In the case of sulfur droplets, the monomer could be the Sq molecule.
In the case of ice crystals, the monomer is a water molecule. In the case of hexane droplets
in the gas phase, the monomer is a hexane molecule. In the case of gold nanocrystals, the
monomer can be conceptualized as a single Au(0) atom dissolved in water. Equation 8
further assumes that crystallization (nucleation and growth) into a nanocrystal (NC) is fast
compared to precursor conversion.
Classical nucleation theory (CNT) describes the thermodynamics of particle formation.
CNT considers that every particle is in equilibrium with its constituting monomers, dissolved
in solution.

n M, = (M), (9)

Assuming a spherical particle, the change in free energy associated with Equation 9 is written
as:

AG(n) = —nkgTIn S + ya,n*? (10)

14



where we defined the supersaturation ratio

and
30, 2/3
m:4 -
. W<47T)

Up, 18 the volume of one monomer and ~ is the surface tension. The formation of a particle is
thus driven by a favorable bulk term (—nkgT In.S) but inhibited by an unfavorable surface
term (ya,,n*?3). For small particles the surface term is dominant (AG(n) > 0) while for
larger particle the bulk term compensates for the surface energy (AG(n) < 0), see Figure
3A. This leads to the phenomenon of a critical radius, from which growth (attachment of one
monomer) becomes favorable. The AG necessary to form a particle with the critical radius
is the activation energy for nucleation, and it strongly depends on the supersaturation. 7677

In a seminal paper in 1950, LaMer and Dinegar studied the growth of sulfur colloids
in water.”™ They postulated that nucleation happens infinitely fast (in a burst) once the
supersaturation reaches a critical point, see Figure 3B. All particles are formed during this
short period of time and subsequently grow uniformly by diffusion limited growth. This was
a first attempt to rationalize how colloidal syntheses can produce monodisperse particles. It
is important to recognize that burst nucleation was an assumption of LaMer and Dinegar and
not an observation. Nevertheless, the three phases of the LaMer model (monomer build up,
burst nucleation, diffusion limited growth), and the requirement of separating the nucleation
step from the growth step to produce monodisperse particles, have been widely accepted as
a fact, until recently. 268081

At any time during a nanocrystal synthesis, the change in monomer concentration is
determined by:

d[M]

Q is the precursor-to-monomer conversion rate, Jy is the nucleation rate (n* is the amount
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Figure 3: (A) Change in free energy upon the formation of a particle from n monomers (B)
Diagram of the LaMer model, featuring monomer build-up, burst nucleation and diffusion
limited growth. (C) Relation between final number of particles and monomer generation
rate, exemplified here with the concentration of PbS nanocrystals at different temperatures.
Data replotted from reference.”™
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of monomer in a nucleus) and G is the growth rate (n, is the number of particles). Sugimoto

and others solved this mass balance under the assumption of burst nucleation and found that

the particle number is proportional to Q and inversely proportional to the growth rate.5284

(12)

npN

QIO

The above linear dependence on @ is valid for high growth rates.®%® For lower growth
rates (e.g., in the presence of surfactants) a square root dependence is predicted.®* Such
relations between precursor conversion rate and particle number have been confirmed by

ample experimental data,3334:69,74,78,83,85,86

see Figure 3C for an example of PbS nanocrystals.

Numerical simulations have also come to the same conclusion.”™ For simulations, exact
expressions for the nucleation and growth rate are needed. Using the activation energy for
nucleation, an Arrhenius type expression for the nucleation rate was implemented. " One
can also derive a generalized growth rate, based on thermodynamic considerations and Fick’s
law of diffusion.®” In case the diffusion of the monomer towards the surface is slower than
the incorporation rate, the system is under diffusion control. When the incorporation rate
is much slower than the diffusion rate, the system is in reaction control. Under reaction
control, larger particles grow faster than smaller particles. This leads to a broadening of the
size distribution and is called size defocusing. Under diffusion control, there is a region where
small particles grow faster than large particles and this size focusing effect was an important
argument of LaMer and Dinegar, to explain the formation of monodisperse colloids.

The advancement of analytical methods has provided the scientific community with the
necessary tools to investigated nucleation in greater detail than was possible in 1950.%% Small
angle X-ray scattering (SAXS), for example, has been instrumental in disproving the concept
of burst nucleation.®? In the case of Pd, CdSe, InP and PbS(e) nanocrystals, researchers
clearly observe a steady increase of the particle number throughout a large portion of the

78,89-91

reaction time, see Figure 4 for an example on Pd nanocrystals. Therefore, the reaction
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displays continuous nucleation rather than burst nucleation. The ability to nonetheless
form monodisperse ensembles is explained by a strongly size-dependent growth rate, since
the modest size focusing provided by diffusion-limited growth is unable to account for the
extreme size focusing (superfocusing) that must be occurring. A simple reaction-limited

growth expression was proposed.?”

k
G = —4mr*[M)] (13)
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Figure 4: The number of palladium particles keeps increasing over the course of the reac-
tion, suggesting continuous instead of burst nucleation. Reproduced from reference® with
permission from the Royal Society of Chemistry

One recognizes in this equation the functional form of a regular chemical kinetics equa-
tion. For n > 2, the growth rate is strongly size focusing. The hypothesis is thus that small
particles have a higher intrinsic growth rate, while big particles are deactivated for growth.
The origin of this phenomenon is not yet perfectly clear. It could be due to decreasing particle
curvature, which forces the ligand chains closer together, leaving less space for the monomer
to penetrate the ligand shell. Or it could be that ligands are more tightly bound to larger

nanocrystals with mature facets. It is interesting that in case of InP, PbS and PbSe, the
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maximum attainable nanocrystal size increases with the reaction temperature. %! At higher
temperatures, the activation barriers for growth are thus more easily overcome or perhaps
the ligands are involved in a temperature dependent adsorption—desorption equilibrium. Fi-
nally, superfocusing does not only explain the narrow size distribution despite of continuous
nucleation, it is likely directly responsible for continuous nucleation.”® Consider the following
thought experiment. There is a steady monomer generation. Once the critical supersatu-
ration is reached, nuclei are formed. Upon growth, the growth rate rapidly decreases while
the monomer generation continues. As a result, the monomer concentration builds up again,
the critical supersaturation is reached and a new nucleation event takes place. One thus
sees that continuous nucleation is not at odds with the ideas of classical nucleation theory.
Continuous nucleation is simply a consequence of a size-dependent growth rate. The burst
nucleation concept of LaMer on the other hand, is no longer a valid model in the face of

T88LEIOL Tt seems puzzling that the predictions of Sugimoto and others

current evidence.
(based on burst nucleation) are correctly describing the relation between precursor conver-
sion rate and particle number. It would thus be interesting to analyze with simulations how

continuous nucleation fits in this picture.

5.2 From thermodynamic to kinetic control

Although we have not yet dismissed classical nucleation theory, we should analyse its as-
sumptions again. First, CNT relies on the concept of a monomer. While the monomer was
introduced above in an intuitive way, the examples were chosen such that there could be no
confusion. For materials like CdSe or ZrO,, the concept of a monomer is less straightfor-
ward. Does precursor conversion really deliver a CdSe or ZrO, unit? Any chemist would
be hard—pressed to write a reasonable Lewis structure for such “monomers”. In the case of
zirconia, one could argue that Zr(OH), makes more sense as a monomer. However, conden-
sation of the hydroxide into oxo bridges happens concurrently with the precursor conversion

into the hydroxide and thus Zr(OH), is an elusive species. In the case of PbS and PbSe,

19



we recently analyzed the induction delay time between precursor injection and crystal for-
mation.” Presumably this induction delay is the first phase of the LaMer diagram with
monomer build—up. Using X-ray total scattering and Pair Distribution Function analysis,
we found indeed evidence for a solute, a soluble dimer capped with two additional lead oleate
Z—type ligands; Pb,(s—S),(Pb(0,CR),),. ™ In the case of iron oxide nanocrystals, the iron
oleate precursor was shown to be already a trimeric oxo cluster with an Fe;O core, capped
by oleate ligand.®' Such studies are rare but absolutely necessary to build up a molecular
picture of both precursor conversion and crystallization.

A second limitation of CNT is the requirement for reversibility. CNT appears suitable to
describe the formation of alkane droplets in the gas phase. These droplets are held together
by weak London dispersion forces between the monomers (the alkane molecules) and thus
the whole system is reversible and in thermodynamic control. Finke et al. recently argued
that CN'T is not applicable to systems with stronger bonds between the “monomers”, such
as Ir nanocrystals.%%%2 Strong metallic bonding or covalent bonds are not easily broken and
the requirement for chemical reversibility is not satisfied. The reaction is thus under kinetic
control. This might be also reflected in the difficulty in obtaining highly crystalline InP and
GaP nanocrystals (materials with a high covalent character).®® A word of caution regarding
crystallization and reversibility is in order. Crystallization requires a certain reversibility
in bond forming and bond breaking for the structure to adopt the ordered, minimum en-
ergy configuration. Taking the example of cubic zirconium oxide (where zirconium has a
coordination number of eight), this means that the material needs to break a few bonds
(not all eight) to rearrange the structure. It does not mean that a ZrO, monomer needs to
dissolve completely. Even systems where the monomer does not redissolve (defined here as
kinetic control) could thus still lead to crystalline structures. However, in the absence of any
reversibility, the kinetic product is likely to be amorphous.

Finally, processes like Ostwald ripening or digestive ripening suggest that even in strongly

bonded systems, the monomer must be able to redissolve.?* Here, the conditions will play a
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pivotal role. At room temperature, in the absence of acid, strongly bonded systems might
not be in chemical equilibrium, and are under kinetic control. At higher temperature, in the
presence of surfactant and acid, dissolution of the nanocrystal core could become possible
and the reaction becomes thermodynamically controlled. Perhaps, the different theories of

nucleation and growth simply describe different experimental conditions.

5.3 Kinetic models of nucleation and growth

Finke et al. followed the path of traditional chemical kinetics to describe nanocrystal nu-
cleation and growth.!480.95°97 T the case of Ir nanocrystals (synthesized by reducing an Ir
complex with hydrogen), the precursor decomposition and particle formation kinetics could

be described by an autocatalytic process, written very generally as

A—B (14)

A+B—2B (15)

where A is the precursor and B represents a nanocrystal. The first reaction is the slow
conversion of the precursor. The second reaction is the precursor conversion catalyzed by
the Ir nanocrystal itself. The overall conversion kinetics feature a sigmoidal shape typical
for autocatalytic processes, see Figure 5. This two-step autocatalysis model uses minimal
equations and the first equation is supposed to represent nucleation and the second one is
recognized as growth. Note that each of these reactions are written as irreversible. Kinetic

studies led to a detailed chemical equation for the first step. %%

3(COD)Ir - POM®™ + 7.5H, — Iry + 3POM’~ + 3H™ + 3CH, (16)

Here COD is 1,5-cyclooctadiene and POM is a polyoxometallate (P, W,sNb;O,” ). Equa-

tion 16 is termolecular but second order in the precursor ((COD)Ir - POM®"). The mecha-
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Figure 5: The conversion to Ir nanocrystals is monitored by a reporter reaction; reduc-
tion of cyclohexene. The typical sigmoidal curve of an autocatalytic process is observed.
Reproduced from reference.® Copyright 1997 American Chemical Society.

nism consists of a pre—equilibrium and a second, rate-limiting step.
(COD)Ir - POM®™ 2% (COD)Ir* + 3 POM®~ (17)

2(COD)Ir* + (COD)Ir - POM®™ + 7.5H, — Ir, + POM?™ + 3H" + 3CH,,  (18)

Summing up Equations 17 and 18 yields Equation 16. From this chemically specific equation
it is easier to recognize that the first step represents nucleation, with a nucleus size n = 3.
This nucleus size is much smaller than proposed by CNT (>15). Here it is interesting to
reflect on the definition of nucleation. The definition provided by CNT is related to the
critical size where monomer attachment becomes favorable. The kinetically effective nucleus
as defined by Finke is the first collection of atoms. One could however interpret the Irg
species as a soluble pre-nucleation cluster, much like the Fe;O precursor mentioned above.®!

A definition of a nucleus could be a particle that grows further and that contributes to

the final number of particles (before Ostwald ripening). The balance between nucleation

22



and growth thus determines particle size. If the Iry species grows further by reacting with
precursor, it is a nucleus. If the Ir; species reacts with Ir, particles to form Ir 4, it is solute.

The above 2—step model could adequately describe precursor conversion and total amount
of Ir formed. However, it could not simulate the correct size distribution by population
balance modelling.?” The size distribution was much better described by adapting the 2-
step model to a 3-step model, containing two growth steps where small particles grow with
a higher rate constant than bigger particles. This approach is reminiscent of the size—
dependent growth rate introduced in the thermodynamic models. In contrast to a continuous
variation of the growth rate with size (k(n) = k/r™), Finke et al. used a step function,
defining a certain nanocrystal size where the growth rate constant abruptly changes. Such a
step function is farther from reality but in general discontinuities should not be completely
excluded (consider for example magic sized clusters). %101

By treating the whole nanocrystal formation process as a set of chemical equations,
one can easily build up the complexity of the model to include various effects. Karim et
al. considered the binding of ligands to both the Pd precursor complex and the final Pd

nanocrystals by writing. 89192

A+L ::IAL (19)
-1

AL B (20)

A+B-,28B (21)

B+ L —= BL (22)
k_4

From their data and kinetic modeling, the authors were actually the first to conclude that
larger particles grow slower than smaller particles, an effect they attributed to (i) a lower
intrinsic surface reactivity for larger particles and (ii) a higher ligand coverage on larger

particles. 39102
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5.4 A chemically specific approach

The kinetics models do not feature a concept like a critical concentration. They do not invoke
a supersaturation ratio. The nucleus is simply the first collection of atoms that is formed
kinetically. At first sight, these models are also incompatible with independent precursor to
monomer conversion since all the kinetic models feature autocatalytic precursor conversion.

However, one could adapt Equation 8 to

P2y M (23)
2M 2 M, (24)
3M 2y M, (25)

M+ M, 225 M, (26)
M+ M, 245 M, (27)
M+ M, 225 M, (28)

The first step is precursor conversion. The second and third are either bimolecular or ter-
molecular nucleation. The other steps represent growth. Instead of writing minimal equa-
tions, every reaction is explicitly written. This way of representing nanocrystal formation
could potentially give a lot of insight and combine the features of different models. One
can further refine this approach by considering ligand binding or the aggregation of smaller
particles. One could also make every reaction reversible (thermodynamic control). Size—
dependent growth kinetics are easily introduced by taking: k3 > k4 > k5 > .... Magic size
clusters of size n can be rationalized as a discontinuity in this series: k,_1 > k, >>> k11 <
knio > ki3 > .... We can also rationalize how to steer the balance between nucleation and

growth (and thus tune particle size). The bimolecular nucleation rate is

Unuel = k2n [M]2 (29)
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The growth rate is

Vgrowth = D kn[M][My 1] = [M]> k[ My 1] (30)

n>2 n>2

The nucleation rate is second order in the monomer concentration, while the growth rate is
first order. A high monomer concentration will thus favor nucleation, while a low monomer
concentration will favor growth. This is an alternative explanation to the relation between
precursor conversion rate and particle number. A high precursor conversion rate will cause a
high monomer concentration, thus favoring nucleation over growth. In contrast, the addition
of ligand was reported to promote growth over nucleation, which is particularly important
in a seeded growth reaction (where one aims to avoid nucleation).'%® This observation can
be understood within the above set of chemical equations by adding a monomer-ligand
equilibrium.

M+ L = ML (31)

By adding ligand, the effective concentration of uncoordinated monomer is decreased (by
shifting the equilibrium to coordinated monomer). A lower monomer concentration favors
growth over nucleation because of the difference in kinetic order.

While this approach could potentially unite various aspects of both thermodynamic
and kinetics models, and aims at explicitly addressing the chemical reactions underlying
a nanocrystal reaction, it is also inherently flawed since it still relies on the concept of the
monomer. Instead of defining the monomer as a single unit of the nanocrystal, one could

104 For example, in

also define it as the species directly preceding the nucleation reaction.
the case of PbS we showed that the (PbS)s dimer is the soluble species formed by precursor
conversion. Perhaps, we should replace M in the above equations by this dimer. There might
also be reactions that never form a solute (as for example proposed by the model of Finke
et al.). Other reactions proceed through coordination polymers or mesophase intermediates,

further challenging the above approach.26:195
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As scientists we are often tempted to over—generalize. However, it is hard to conceive that
there is a single theory that can describe the synthesis of zirconia nanocrystals at 340 °C,
and the synthesis of catalytic Ir nanocrystals at 22 °C, and the synthesis of PbS nanocrystals
at 120 °C. Even small differences in the precursor chemistry can change the mechanism. For
example, magic sized clusters have been clearly identified in the synthesis of InP nanocrystals
from indium carboxylate precursors while these have not (yet) been observed when starting
from indium halide precursors.'®® When studying the chemistry of nucleation, we should
thus not reduce the problem to an abstract monomer but one needs to take into account
the specific chemical nature of the species. This requires detailed investigation of the coor-
dination chemistry of precursors and their exact decomposition mechanism.2%3843,78,107-109
Such studies benefit greatly from x-ray based (synchrotron) techniques, e.g., small angle
x-ray scattering (SAXS), extended x-ray absorption fine structure (EXAFS) spectroscopy
and pair distribution function (PDF) analysis. 88104110
We are still very far from a retro—synthetic analysis of nanocrystals, but we have made

important progress in recent years. We dismissed burst nucleation, introduced superfocusing

and are starting to look into the fine chemical details of nanocrystal synthesis.

6 Good chemical practice in nanocrystal synthesis

As we discussed in this perspective, nanocrystal formation is a series of chemical reactions. A
chemical reaction is conveniently described by a chemical equation, see Scheme 7. It would
thus be very helpful to the nanochemist if every manuscript, which contains nanocrystal
synthesis, presented a chemical equation to the reader. This is common practice in organic
chemistry since a chemical equation is a very concise and efficient way of providing synthetic
conditions to the reader. Ideally, this chemical equation is completely balanced, forcing the
nanochemist to consider all by—products. However, the attentive reader will notice that even

in this perspective not all chemical equations are fully balanced (in case the by—products are
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unknown). Reporting the yield of a reaction is another habit in organic synthesis. It is an
important metric to judge the efficiency of a certain synthetic strategy. There is no reason
why a nanocrystal synthesis should be any different.

Writing chemical equations and reporting yields are basic recommendations for the
nanochemist. In the following we discuss a few more aspects of good chemical practice;
reagent purity and product purity. Other recommendations for reporting on the composi-
tion, size distribution, shape distribution, nanocrystal concentration and dopant concentra-

tion have been formulated in an editorial of Murphy and Buriak.!!!

[conditions]
reagents — NC product + by-products
ligands - yield: x%
solvents - purity (how defined?)

organic | 1 m

Scheme 7: Good chemical practice means writing down a balanced chemical equation, re-
porting the yield, and caring about reagent and product purity.

¥ purity check

6.1 Purity of reagents

A truly robust and selective chemical reaction should be able to handle a couple of impuri-
ties. However, when a chemical reaction is as complicated as a nanocrystal synthesis, it is
good practice to avoid adding external complexity. Impurities in reagents can exhibit side
reactions, inhibit or accelerate nanocrystal growth, or steer anisotropic growth. For exam-
ple, (di)alkylphosphinic acid and alkylphosphonic acid impurities in TOPO were shown to
change the shape of the CdSe nanocrystals. The concentration of these impurities showed a
large bath—to—batch variation. To achieve reproducible results, it is recommended to recrys-
tallize TOPO before use. %113 The nanochemist can subsequently add a controlled amount
of co—surfactant to the reaction. As a second example, oleylamine contains several impurities

that reduce its capacity to dissolve salts.'!* Purification as a salt and subsequent vacuum
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distillation is recommended. Furthermore, the use of technical oleylamine, with a varying
blend of cis, trans and saturated chains, creates irreproducibility in the ligand shell struc-
ture, with implications on nanocrystal assembly and its use is not recommended for certain
applications. > Oleylamine and TOPO received quite some attention because they are com-
monly used ligands. However, there can be impurities in every reagent that is used, including
metal precursors and other organic molecules.3? Techniques such as vacuum distillation and
recrystallization should thus be part of the nanochemist’s skill set. It is good chemical prac-
tise to perform some type of check of the reagents before use. For organic molecules one can

easily take a 'H NMR (and 3'P NMR) measurement before use.

6.2 Purity of nanocrystal products

After this complex reaction, the nanochemist has obtained the desired nanocrystals, together
with large amounts of by—products, side—products, excess ligand and high—boiling solvent.
While everyones agree that pure samples are a joy to work with, there are several unresolved
issues in this regard. First, how does one define nanocrystal purity? Second, how does one
go about proving the nanocrystal sample is pure? Third, should we as a community agree
on a standard of reporting?

The easiest definition of nanocrystal purity is the one where one defines the bound ligands
and the nanocrystal core as a single object and one declares all other species (by—products,
free ligands, etc) as impurities. This definition works well for nanocrystals with a monolayer
of tightly bound ligands but is less straightforward for ligands in dynamic exchange.!*¢ In
addition, are all nanocrystals equal? Most certainly not, nanocrystals are typically a het-
erogeneous bunch. 7 Certainly in case of anisotropic nanocrystals, shape purity becomes
an issue. Furthermore, one can think of crystal phase purity (anatase vs. rutile TiO,), size
dispersion (monodisperse vs. polydisperse), ligand purity (e.g., a mixture of ligands on the
surface). Usually, the aim of the nanochemist or the intended application will determine the

level and type of purity that is required.
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Given the complex nature of nanocrystal purity, different purification techniques and
analysis techniques have been developed. The various techniques of purification have been
thoroughly reviewed by Greytak et al.!'® To report nanocrystal size, transmission electron
microscopy (TEM) is frequently used. Only a small number of particles is usually counted
and user bias (conscious or unconcious) is another serious problem. In case of non-spherical
nanocrystals, the area is often converted into a diameter, using the formula of a circle.
This approximation is acceptable as long as one is clear about the data processing and if the
nanochemist recognizes that the resulting value for the “diameter” is only a rough estimation
of the size. For cubic shapes, the cube edge length should be reported. Regarding size
dispersion, we often fit a gaussian curve to a histogram and report mean p and standard
deviation o. The size dispersion is then calculated as o/u, and expressed in percent. We
are thus implicitly using the 68% confidence interval. By using an error of 20, we would be
reporting in the 95 % confidence interval, which would be a step up in accuracy of reporting.
Ensemble techniques like UV-Vis, SAXS and DLS (dynamic light scattering) probe the
nanocrystal ensemble as a whole and are most representative. 119120 Regarding crystal phase
purity, X-ray diffraction (XRD) is a useful technique, especially when combined with Rietveld
refinement. 2! While XRD is easily interpreted for relatively large nanocrystals, total X-ray
scattering (and Pair Distribution Function (PDF) analysis) is recommended below a diameter
of 5 nm, due to the broadening of the reflections in XRD.!?2:123 Proton NMR spectroscopy
allows the nanochemist to differentiate free from bound ligands based on the NMR line
width, 24 and to detect any other type of organic impurity. Detailed NMR investigations
can also differentiate a homogeneous ligand shell from a mixture of ligands. 52

In any field, reproducibility stands or falls with the experimental section of a paper.
In organic chemistry, there is a consensus on reporting the purification procedure and on
the standard characterization. In the field of colloidal nanocrystals, the purification proce-
dure is often described very succinctly, e.g., “precipitation with acetone and redispersion in

toluene”. For optimal reproducibility, it would be extremely helpful to report exact volumes
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of antisolvent and solvent. In addition, proof should be provided that all by—products have
been removed. A simple 'H NMR spectrum seems the minimum characterization required
to assess nanocrystal purity. It would be useful to come together as a field and discuss
standard characterization techniques and standardized reporting for nanocrystal synthesis.
Standardization will be particularly welcomed by computational chemists aiming at develop-
ing machine learning algorithms or by databases that need to mine scientific papers for data.
While defining the standard characterization techniques, one should keep in mind that some
techniques are not readily available to every nanochemist (requiring expensive instruments

or synchrotron access). A balance needs to be sought.

7 Conclusion and outlook

The chemistry of colloidal nanocrystals has greatly advanced since the seminal paper of
Bawendi et al. In this perspective, we analyzed the three components of colloidal synthesis:
precursors, ligands, and solvent. Precursor chemistry has been thoroughly studied for some
systems while others have received less attention. More efforts need to go in this direc-
tion since these chemical mechanisms will be the basis for a full retro—synthetic analysis of
nanocrystal synthesis. Insight in the precursor conversion mechanism have a direct impact
on the versatility and tunability of synthetic procedures. Recently, we found that also ligands
often transform during nanocrystals synthesis. The nanochemist can thus not trust that the
initial ligand added to the flask, is also the final ligand bound to the nanocrystal surface.
It is recommended to explicitly analyze the surface chemistry of the nanocrystal product.
The solvent is added to dilute the reagents and serve as a heat transfer medium. However,
nanocrystal syntheses happen at such high temperatures that side reactions of the solvent
cannot be excluded and we discussed here the example of 1-octadecene.

It is fair to say that the mechanism of nanocrystal crystallization (nucleation and growth)

is still hotly debated and there exist various models in the literature. Some of these are based
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on chemical reversibility (thermodynamic control) while others consider only the forward re-
action (kinetic control). We introduced the idea here that these different models are perhaps
describing different experimental conditions and are not fundamentally at odds with one
another. Regardless of the model, there is a consensus that nucleation does not happen in
a burst, as initially hypothesized by LaMer in 1950. Instead, continuous nucleation pro-
duces particles over a large portion of the reaction time. The still monodisperse outcome of
the reaction is explained by strongly size-dependent growth kinetics. Another consensus is
found in the recommendation for seeded—growth. To avoid nucleation and promote growth
of the seed, a low precursor/monomer concentration is desired. A fully comprehensive mech-
anism of nanocrystal formation is still lacking though. It is very likely that different types
of nanocrystals grow according to different mechanisms so a truly universal mechanism is
unlikely to emerge and one should take into account the specific chemistry of the materials.
More attention should go to the coordination chemistry of metal precursors and the initial
complexes or clusters formed by precursor decomposition.

We reflected on good chemical practise for colloidal synthesis. All nanochemists are
encouraged to write down chemical equations for their reactions and to report the yield
of the reaction. Standard chemical purification techniques (distillation, recrystallization)
should be taught to all nanochemists since impure chemicals will further complicate an
already complicated chemical reaction. Finally, it seems not easy to define nanocrystal
purity. This perspective is not meant as a final conclusion, but is hopefully the start of
a constructive debate in the community. What is the minimum characterization required
to report on a new nanocrystal synthesis? In how much detail should the purification be
described in the experimental section? These are some of the questions we need to find an
answer for.

The future is bright for nanochemistry. We have the chance of becoming a mature field
that keeps pushing the boundaries of mechanistic insight and structural complexity of the

products. The aspirations of many researchers in the field towards total nanosynthesis and
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retro—synthetic analysis, is truly inspirational.
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