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Purification technologies for colloidal nanocrystals

Yi Shen,†‡a Megan Y. Gee‡a and A. B. Greytak*ab

Almost all applications of colloidal nanocrystals require some type of purification or surface modification

process following nanocrystal growth. Nanocrystal purification – the separation of nanocrystals from

undesired solution components – can perturb the surface chemistry and thereby the physical properties of

colloidal nanocrystals due to changes in solvent, solute concentrations, and exposure of the nanocrystal

surface to oxidation or hydrolysis. For example, nanocrystal quantum dots frequently exhibit decreased

photoluminescence brightness after precipitation from the growth solvent and subsequent redissolution.

Consequently, purification is an integral part of the synthetic chemistry of colloidal nanocrystals, and the

effect of purification methods must be considered in order to accurately compare and predict the behavior

of otherwise similar nanocrystal samples. In this Feature Article we examine established and emerging

approaches to the purification of colloidal nanoparticles from a nanocrystal surface chemistry viewpoint.

Purification is generally achieved by exploiting differences in properties between the impurities and the

nanoparticles. Three distinct properties are typically manipulated: polarity (relative solubility), electrophoretic

mobility, and size. We discuss precipitation, extraction, electrophoretic methods, and size-based

methods including ultracentrifugation, ultrafiltration, diafiltration, and size-exclusion chromatography.

The susceptibility of quantum dots to changes in surface chemistry, with changes in photoluminescence

decay associated with surface chemical changes, extends even into the case of core/shell structures.

Accordingly, the goal of a more complete description of quantum dot surface chemistry has been a

driver of innovation in colloidal nanocrystal purification methods. We specifically examine the effect of

purification on surface chemistry and photoluminescence in quantum dots as an example of the

challenges associated with nanocrystal purification and how improved understanding can result from

increasingly precise techniques, and associated surface-sensitive analytical methods.

1. Introduction

Nanocrystals (NCs) in many forms and compositions including
metals, semiconductors, and metal oxides have been extensively
studied in the past several decades. Numerous studies have
shown that these emerging materials can be used in a wide
range of applications from imaging and display to catalysis and
solar cells.1–7 In order to better understand the properties of NC
samples and to speed the commercial development of these
materials with confidence, recent studies have focused on precise
control of the material structure including particle morphology,
polydispersity and ligand population.3,8–11 Synthetic procedures
for the highest quality NCs frequently use an excess of surface-
passivating ligands or surfactants to maintain the colloidal

stability of the particles during growth and influence the NC
morphology that is achieved. However, these excess ligands, as
well as the byproducts generated by decomposition of reagent
compounds remain in the crude product solution. Additionally,
the solvent that is selected for synthesis is rarely the same as
the medium into which the NCs will be placed for physical
property measurements or applications. Accordingly, effective
means for isolating nanomaterials from solution-phase mixtures
are required. The most common purification procedure for
nanoparticles, especially quantum dots (QDs) entails precipitation
and redissolution (the PR method). In this procedure, addition of
a miscible solvent in which the nanoparticles are poorly soluble
(an anti-solvent) causes flocculation. The resulting flocculated
nanoparticles precipitate rapidly (frequently accelerated by
centrifugation), and can then be redissolved in a fresh solvent.

A challenge for any colloidal NC purification approach is that
surface ligands can be subject to dynamic exchange between
NC-bound and free-solution forms on experimental timescales;
as a result, the actual surface may be a function of both the
amounts and types of potential ligands that are present, and the
solvent.4,12–19 At the same time, residual impurities can affect
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shell growth and ligand exchange steps that are often required
for NC end uses.20,21 An effective means of isolating NC samples
with well-defined properties is thus an important requirement for
controlled NC synthesis and surface chemistry. While convenient,
purification by PR entails several limitations that have been noted
in studies of QDs.22–24 As a result, there is increasing interest
in alternative purification techniques, and some established
techniques have shown performance that is comparable to or
better than the PR method.

In this Article, we will review the current status of NC
purification. Previous reviews have examined some of the
methods described, especially for separating or refining samples
composed of several types of nanoparticles.25,26 In a few cases,
a unique physical response of the material can be used for
purification, such as purification of iron oxide nanoparticles
by differential magnetic catch and release.26 More generally,
common purification methods can be grouped based on the
fundamental physical property by which separation is achieved:
namely polarity-based techniques, electrophoresis-based techniques,

and size-based techniques. These techniques are generally
applicable to a wide variety of nanoparticles including inorganic
semiconductors, metals, metal oxides, and carbon dots. Recently,
increasing attention has been brought to the role of the surface in
controlling photoluminescence (PL),15,18,27–30 redox potentials,31

and carrier trapping32 in QDs. Additionally, current priorities in
the field are to establish a quantitative description of ligand
binding and exchange,16,22,29,33–35 which requires well-defined
initial and final states; and to extend the success with ‘‘classic’’
materials such as binary chalcogenides to new compositions,
including those that are immune to the health and environmental
sensitivity of Pb and Cd.1,36–38 It will be important to consider the
surface chemistry of these new compositions as well. Here, we will
emphasize the separation of colloidal NCs from small molecule
impurities, with a focus on QDs and specifically the effect of
purification on QD surface chemistry and PL, which is discussed
in the last section.

2. Polarity-based purification
techniques
2.1 Precipitation and redissolution

Since the development of QD syntheses in either aqueous
solution39 or high-boiling anhydrous solvents,40 a precipitation
and redissolution (PR) method has been described together
with the preparation procedure, and therefore it is the first
reported purification method for QDs. For the frequent case of
QDs prepared in non-polar solvents, flocculation of QDs is
achieved by introducing anti-solvents that increase the polarity
of the solvent mixture. The supernatant, which retains impurities
and excess ligands, can be decanted away and the QD precipitates
can be redissolved in clean solvents. This process can be repeated
several times until a desired purity of the NCs has been achieved.
In addition to purification from synthetic solvents and byproducts,
the PR method has also been used to refine the size distribution
of the samples.37,40–42 The particles are not fully precipitated
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(crashed out), but rather the anti-solvents are titrated only until
the particles just start to flocculate. It is frequently observed
that the larger particles precipitate more readily than the
smaller ones as the solvent polarity is increased, and on this
basis they can be separated. The PR method is convenient and
scalable, and has been utilized as the main purification technique
in the majority of QD investigations. However, a number of studies
have shown that there are some drawbacks to the PR method.

One of the main limitations is that the impurities and excess
ligands sometimes have solubility properties similar to the
nanoparticles, which makes them difficult to separate by the
PR method. Many studies focusing on ligand chemistry
describe multiple cycles of PR to remove free (unbound) and
weakly adsorbed material. In some cases, even with a series of
washing steps, the excess ligands cannot be removed by the PR
method. For example, Nozik’s group showed that the excess
indium precursor cannot be removed from InAs QDs after using
toluene/methanol to dissolve/precipitate QDs.43 Chaudret and
coworkers were able to eliminate a synthetic byproduct from InP
QDs after identifying an appropriate PR system, but even after
multiple washes could not isolate the NC product from residual
octadecene solvent isomers interacting with surface coordinated
carboxylate ligands.44,45 Weiss’s group has shown that impurities
such as cadmium phosphonate and amides formed as precursor
byproducts cannot be separated from CdSe QDs with chloroform/
methanol as the solvent/anti-solvent for the purification.46,47

Another severe issue is that the PR method may cause irreversible
damage to the QD surface. One common observation is that the
precipitated particles have a propensity to irreversibly aggregate
after a number of necessary PR cycles, and so cannot be redis-
persed in solution.48,49 Recently, a series of studies have shown
that even for samples that maintain their colloidal stability, an
improper choice of anti-solvent may remove ligands from the NC
surface that were strongly bound in the original solvent. Owen’s,
Hens’s, Weiss’s and Meulenberg’s groups have shown that
methanol can react with the QD surface and displace bound
metal carboxylate ligands.22–24,50 This displacement results in
adverse changes to the brightness of the samples, which will be
discussed in greater detail below. Up to the present time, the PR
method remains the most popular nanoparticle purification
technique. However, the strong dependence of NC properties
on the surface ligand population has also motivated researchers
to study alternative purification techniques.

2.2 Extraction

An alternative method to separate NCs from the impurities,
while still operating on the basis of differences in impurity and
NC polarity, is extraction. The most common extraction system
applied to QDs is liquid–liquid extraction. In general, the
as-synthesized QD solution is stirred with an extracting solvent
that is immiscible with the original solvent. By imposing a
difference in the relative solubilities (partition coefficient)
between the two liquids, the impurities and the QDs can be
distributed into the different phases. In contrast with the
popular PR method, the extraction method is intended to be
a much gentler process, especially because the NCs tend to

remain in their original phase during the purification, reducing
the likelihood of irreversible aggregation or coalescence. How-
ever, numerous extraction cycles are commonly required in
order to effectively remove a majority of the impurities because
of the finite partition coefficients that can be achieved.

The most commonly used extraction system for typical colloidal
QD systems is comprised of methanol/alkane, as the QDs are
prepared in alkanes, and methanol (as the immiscible polar anti-
solvent) is used to remove the impurities. Both Peng’s group and
Nie’s group have applied this technique in purifying CdS, CdSe
and CdTe based materials.51–53 A limitation with this and similar
systems, as shown in a recent study by Peng’s group, is that
when the metal precursor for the Cd-based synthesis is cadmium
stearate, batchwise single stage extraction cannot effectively
remove the impurities due to similar polarities between the
particles and impurities.54 To circumvent this issue, higher
temperature and/or addition of co-extractants such as amines
and phosphines were shown to significantly improve the extrac-
tion efficiency, as illustrated in Fig. 1.54–56 Such nucleophiles are
known to coordinate both metal carboxylate precursors and NC
surfaces, and are commonly used in QD synthesis.22 However,
addition of such ligands during the extraction introduces an
extra constituent to the purification process that could alter the
final surface chemistry of the nanoparticles. The choice of both
original and extracting solvents is important to the final extraction
efficiency. Peng’s group has shown that when the NC stock solution
was extracted with a chloroform/methanol mixture, the impurities
could be more effectively removed compared to the sample
extracted with methanol only, each with hexane as the NC
solvent.53,54 Moreover, PR steps sometimes were used together
with a sequence of several extraction cycles in order to com-
pletely segregate the nanoparticles from the impurities.19,52,57

The extracting solvent is normally chosen to have a higher
solubility for the impurities, and negligible solubility for the QDs.
Conversely, Jiang’s group described using Triton X-114, a non-
ionic surfactant, to perform cloud point extraction (CPE), which
effectively concentrated and separated NCs from their original
solution.58 In this work, Triton X-114 formed a micelle to encap-
sulate the NCs and subsequently extract them when the tempera-
ture was above the cloud point temperature (CPT). The NCs could
then be redispersed into an aqueous solution once the tempera-
ture was lowered beyond that CPT. This method provides an
alternative way to concentrate the NCs, but it may prove difficult
for NCs to be ultimately isolated from the added micelle-forming
surfactants. Another interesting study was done by Pal’s group,
where they used copper stearate as a solid extracting agent to
selectively remove amine ligands from gold organosol.59 Similar to
what Peng has proposed in the co-extractants study, the coordina-
tion effect between the amine ligands and metal carboxylate is the
likely driving force for this separation.

3. Electrophoresis-based techniques

As the mobilities of nanoparticles and associated impurities
under an electric field are generally different, electrophoresis
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has been applied as another purification technique. In an early
example, Claridge et al. used gel electrophoresis to separate Au
nanoparticles with varying numbers of thiolated DNA strands
adsorbed to the surface.60 Later, Parak’s group demonstrated
that this technique could be used to separate polymer-coated
CdSe/ZnS or Au nanoparticles with different functional
groups;61 the resolution was sufficient to distinguish particles
specifically bearing zero to three desired conjugates. Electro-
phoresis has also been used to separate QDs bearing a single
copy of poly-histidine tagged protein from unfunctionalized or
multifunctionalized QDs.62,63 Sonnichsen’s group and Girault’s
group further showed that gel electrophoresis could be used to
separate different shapes and sizes of Au and Ag nanoparticles
functionalized with charged polymers.64,65 However, as described
in the work done by Kotov’s group on CdTe nanoparticles, the
gel-based process is extremely time-consuming, which is not
ideal for applying this technique in continuous and large-scale
separations.66 Consequently, they described using free-flow
electrophoresis (FFE), specifically to narrow the size distribution
of CdTe nanoparticles. Separation via FFE was achieved by
applying a high voltage electric field perpendicular to the direc-
tion of laminar flow, and differentiating based on the deflection
of the charged particles. Employing this method, Kotov and
co-authors were able to separate CdTe nanoparticles into more
monodispersed populations on a preparative scale.

Electrophoresis generally requires aqueous systems, which
would be a limitation for NPs synthesized by the typical organo-
metallic route.67 Recently, however, Dubertret’s group has
succeeded in implementing electrophoretic deposition (EPD)
in nonpolar or slightly polar solvents as a means to sort
Cd chalcogenide nanomaterials,68 enabled by non-zero zeta
potentials. In addition to employing electrophoresis as a size-
or shape-selective technique, it has also been established for
purifying nanocrystals of synthetic byproduct and excess sur-
factant impurities. Bass and co-workers described implementing
EPD to purify metal chalcogenide nanomaterials containing a
common surfactant layer of greasy organic ligands directly from

their post-synthetic solution.69 As shown in Fig. 2, by using
reversible EPD processes, the nanoparticles can be effectively
separated from the surfactant impurities in the suspension. After
washing with polar non-solvents, the nanoparticles could be
redispersed into clean nonpolar solvents. This method exhibited
effective purification with no damage to nanoparticles, as con-
firmed by UV-Vis and NMR. The authors further demonstrated
that this technique was versatile toward materials with different
morphologies and capping ligands. Similar to the previously
described PR method, however, the nanoparticles were removed
from the solution phase during the purification and the particles
had to be washed by the anti-solvents. Nevertheless, this electro-
purification technique is more solvent-efficient and scalable
compared to the PR method, which is an advantage from the
perspective of industrial purification.

Jeong’s group has attempted to develop the FFE method to
purify CdSe QDs continuously on a microfluidic chip.70 As
shown in Fig. 3, the purified QDs could be separated from
the unreacted precursors and excess surfactants by exploiting
the electrophoretic movement of the particles. As one of the
first forays into the continuous purification of nanocrystals, the
yield and purification efficiency are not yet as good as what has
been achieved in batch processes. Even so, this study exemplifies
the progress that may be achievable through additional work on
purification of nanoparticles in flow, in order to achieve continuous
production of nanoparticles on a fully automated system.

4. Size-based separation
4.1 Ultracentrifugation

The significant size difference between the QDs and the impurities
makes size-based separation an attractive alternative for NC
purification. Ultracentrifugation, including density gradient cen-
trifugation, is one of the most important size-based separation
and characterization techniques in biological/colloidal studies.
In contrast to the previously described PR method, in which the

Fig. 1 (A) Schematic diagram of liquid–liquid extraction purification of stearate coated CdSe QDs examined in ref. 54. Only one cycle of purification is
illustrated. (B) The purification efficiency of different methods described in (A). The purification efficiency is calculated by dividing the removed amount of
cadmium stearate by the original amount of cadmium stearate in the QD solution. Reproduced with permission, Copyright Tsinghua University Press and
Springer-Verlag Berlin Heidelberg 2015.
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introduction of anti-solvents causes nanoparticles to lose their
solubility and flocculate into aggregates that can be sedimented
with modest centrifugal force, separation via ultracentrifugation
is achieved by the difference in sedimentation velocities among
dispersed solutes. If the solute–solute interaction and diffusive
effects are neglected, there are three main forces acting on a
solute particle; namely centrifugal force, buoyant force and
frictional force. The condition at steady state, when the above
three forces are balanced, sets the Svedberg coefficient, defined
as the sedimentation velocity normalized by the applied angular
acceleration, equal to

S ¼ vs

o2r
¼

V rp � rl
� �

f
;

where ns is the particle sedimentation velocity, o is the angular
velocity, r is the distance between particle and rotation axis, V is

the particle volume, rp and rl are the density of the particle and
solvent respectively, and f is the friction coefficient.71 When the
Svedberg coefficients of the solutes are different, separation can
be achieved with centrifugal techniques.

Since the Svedberg coefficient depends linearly on volume,
in principle size separation should be effectively achieved with
ultracentrifugation. As reported in various articles, this technique
has been used to characterize and reduce the size distribution
of nanomaterials including single-walled carbon nanotubes
(SWNTs),72–74 metallic nanoparticles (MNPs),75–80 semiconductor
nanoparticles,73,76,81–83 and oxide nanoparticles.76 Moreover,
when the size of nanoparticle is smaller than 20 nm in diameter,
the ligands on the surface contribute substantially to the overall
particle density, which further allows ultracentrifugation to separate
nanoparticles with different coatings.76,82,84 Ultracentrifuga-
tion can also be used to effectively sort nanoparticles with
different shapes.85–88 Recently, a mathematical model has been
established by Sun’s group for parameter optimization using
ultracentrifugation for separation of polydisperse colloidal
nanoparticles.89

As alluded to above, not only is ultracentrifugation convenient
for preparing monodispersed nanoparticle samples, but it can
also be used to isolate nanoparticles from excess functional
ligands due to the significant size, density and friction coefficient
differences between the particles and ligands. This method has
frequently been used for the purification of QDs after surface
modification for water stabilization. For example, Nie’s group
has used ultracentrifugation to separate excess polymer after
NC encapsulation;19 and Dubertret’s group and Scholler’ group
have used ultracentrifugation to isolate NCs from phospholipid
in a similar manner.90,91 While most applications of ultra-
centrifugation have employed aqueous density gradients, which
presents a general challenge of aggregation and instability for
NCs synthesized via organo-metallic routes, investigations suc-
cessfully employing this technique have been reviewed recently
by Medintz’s group.92 Furthermore, Bai et al. showed that

Fig. 2 Electropurification of as-synthesized CdTe nanocrystals described in ref. 69. Reproduced with permission. Copyright 2011 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Fig. 3 Quantum dot electrophoretic purification setup described in ref. 70.
Reproduced with permission. Copyright 2014 Royal Society of Chemistry.
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ultracentrifugation can be used to purify as-synthesized nanoma-
terials in organic solvent from excess ligands such as oleylamine.93

They obtained clear TEM images of metallic/semiconductor nano-
particles without any additional purification after size/shape
separation was achieved. However, to the best of our knowledge,
detailed surface characterization of the nanomaterials in organic
solvents purified by ultracentrifugation has not been performed,
nor has its efficiency as a purification technique been compared
with other methods.

4.2 Membrane-based separation

Separation using a membrane prepared by porous materials is
another attractive method to narrow the size distribution of the
as-synthesized nanomaterials, as well as isolate the nanomaterials
from the excess ligands. Typically, dialysis and filtration are the
two general techniques with size-based membrane separation
involved. In the process of dialysis, a membrane should be
selected with an effective molecular weight cut-off (MWCO) that
permits the excess ligands and other small molecule impurities to
diffuse from the high concentration area (sample solution) to the
low concentration solution (dialysate solution) until equilibrium
is reached, but the pores must of course be small enough to
prevent nanoparticles from transiting. After repeating the dialysis
process several times, the concentration of the excess ligands in
the sample solution will significantly decrease while the concen-
tration of the nanoparticles can be maintained. This method has
frequently been used for the purification of nanoparticles in
aqueous solution, and is generally done using commercially
available membranes (dialysis tubing). For example, Stone’s group
and Ren’s group have used dialysis to purify as-synthesized Au
and CdTe nanoparticles in water;94,95 Snee’s group has recently
used dialysis as a gentle technique to purify the water soluble QDs
after silane coating;96 and dialysis has also been used to isolate
bio-labeled nanoparticles from excess bio-linkers after the func-
tionalization reactions.96,97 One drawback of dialysis is that this
process is time consuming as it normally takes several hours or
more to allow the equilibrium between concentrations of small
molecules at the two sides of the membrane to be reached.

Distinct from dialysis, where the separation is achieved by
diffusion of the small molecules, filtration is more efficient in
time, exploiting an extra driving force in the form of a difference
in fluid pressure to accelerate the separation. The challenges
lie in selecting a filter membrane with an appropriate size
cutoff and solvent tolerance, and avoiding aggregation of the
nanoparticles as they accumulate at the membrane. A wide
variety of filtration systems has been developed to purify and
retain biomolecules such as proteins in aqueous solvents,
typically using centrifugal force or vacuum to generate the
pressure difference. Accordingly, centrifugal filtration has in
many cases replaced dialysis for purification, buffer exchange,
and concentration of water-soluble biomolecules and nano-
particles, especially those that will not aggregate during the
filtration process. QDs stabilized in aqueous solution by ligand
exchange or surfactant encapsulation are often purified by this
method.8,98,99 Snee et al. used centrifugal filtration to purify pH
sensitive dye-conjugated CdSe/ZnS QDs to develop a ratiometric

pH sensor.100 Though commercial membranes were primarily
designed to retain proteins and synthetic colloidal particles
while passing only small molecules, researchers have developed
membranes with larger size cutoffs that can be used to separate
small particles from larger ones to refine the size distribution
of the sample – a nanoscale form of sieving. Mesoporous silica
hybrid membranes have been used to perform size separation
of metal nanoparticles prepared in either aqueous or organic
solvents.101–103 Rybtchinski’s group has also described using
polymer based membranes to perform size separation on metal
nanoparticles and QDs in aqueous solution, as the organic solvent
may lead to disassembly of the supramolecular structure.104

Ultrafiltration and diafiltration are two additional membrane-
based separation technologies for nanoparticle purification.
Ultrafiltration is also known as tangential flow filtration
(TFF), and operates such that the feed solution flows parallel
to the membrane surface, instead of perpendicular to it as in
conventional ‘‘dead-end’’ filtration. A concentrated nanoparticle
solution is retained. Many commercial centrifugal filtration
units actually accomplish TFF, but ultrafiltration can also be
scaled up for industrial process sizes. The set-up and operating
principle of diafiltration is very similar to ultrafiltration; the only
difference being that extra solvent is injected into the sample
solution to maintain a constant total volume of the feed during
the purification process. One major advantage of both ultra-
filtration and diafiltration is that these two processes can be
operated semi-continuously for in-line nanoparticle purification.
Ulbricht’s group has applied ultrafiltration and diafiltration to
purify gold and silica nanoparticles from excess small ligands or
biomolecules.105,106 Hutchison’s group has performed a systematic
study to compare the purification efficiency of diafiltration with
other techniques on thiol-PEG coated Au nanoparticle samples.107

As shown in Fig. 4, all of the sharp peaks in the 1H NMR spectrum
within the 2.0–4.5 ppm region have been removed by diafiltration,
whereas these free ligand features remained in the samples
purified by other methods. Their results demonstrated that
diafiltration is an efficient purification technique for nano-
particles in aqueous solution. Similar to ultracentrifugation,
most of the studies utilizing membrane-based separation still
focus on the nanoparticle samples in aqueous solution. In
order to purify nanoparticles prepared in organic solvents using
membrane separation, advances in membrane technology will
be welcomed.

4.3 Chromatography

Chromatography is another general strategy by which nano-
particles can be effectively purified, and one that the authors have
pursued for colloidal QDs. Whether preparative or analytical in
scale, the premise of chromatography involves the elution of
mixtures dissolved in a mobile phase (MP) through a structured
stationary phase (SP), between which the sample components are
partitioned. In affinity chromatographies, some specific and/or
enthalpic interaction between the sample components and the
stationary phase determines this equilibrium. Affinity chromato-
graphy has been developed to effectively isolate bio-conjugated
nanoparticles from excess unbound peptides and unfunctionalized
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peptide-bearing nanoparticles.60,108,109 Alternatively, purely physical
(entropic) interactions can be used to separate components on the
basis of size. Because of the large variation in size among compo-
nents in colloidal nanoparticle samples, the latter approach holds
considerable appeal. High resolution in separations and resulting
chromatographs (often times coupled with additional detection
equipment, e.g. absorption, photoluminescence, and mass spectro-
meters) provides in situ characterization of analytes in terms of size,
surfactant interaction, states of thermodynamic stability and equi-
librium, and purification.

Among inorganic materials, Au NPs have the most extensive
chromatographic application history,67,79,109–118 and as such have
offered an important framework to develop such methods applied
to characterize and purify QD systems. Tiede et al. developed
hydrodynamic chromatography (HDC) coupled with ICP-MS for
Au NPs as well as a number of oxide NPs,110 and Pergantis et al.
improved HDC detection limits for the study of Au NPs in
environmental matrices.111 HDC utilizes a nonporous SP, and the
mechanism for separation is based on the parabolic flow profile of
a Newtonian fluid in an open tube or within the interstitial volume
of the column, such that smaller particles can migrate towards the
outer areas while larger particles are deflected towards the center
where the MP flow rate is fastest.119 The most popular and versatile
chromatographic technique applied to NP suspensions, however, is
size exclusion chromatography (SEC).

The general principle by which SEC operates is that analytes
fractionate between the mobile phase and a porous stationary

phase to an extent that depends monotonically on their hydro-
dynamic size, with larger particles eluting more rapidly than
smaller constituents that can traverse the pores of the SP. The
stationary phase is typically made up of cross-linked polymer
gel beads characterized by an effective molecular weight cutoff
(MWCO) above which analytes are largely excluded from the
pores and transit only the ‘‘void volume’’ between gel beads.
SEC can be accomplished with polar mobile phases (including
water) using hydrophilic polysaccharide or polyacrylamide gels;
this represents one form of gel filtration chromatography
(GFC), a term that also encompasses affinity chromatography
methods using functionalized hydrophilic gels. SEC with anhydrous
mobile phases is termed gel permeation chromatography (GPC)
and is routinely used to characterize polymer molecular weight
distributions. Innovation in high-performance liquid chromato-
graphy (HPLC) technology has led to sophisticated instrumenta-
tion for both GFC and GPC. In its more conventional use,
application of SEC to nanotechnology has sought to improve
NP sample polydispersity through higher resolution sensitivity
for both size and shape.1,2,25,79,113,120–129 Differences in structure
(hard spheres versus folded proteins or randomly coiled poly-
mers) require that columns be properly calibrated against
nanocluster standards123 or polystyrene;128 nevertheless, most
investigations have successfully determined size-exclusion frac-
tionation mechanisms.117,130 One of the major challenges in this
technique, which distorts elution profiles in QDs and other NPs
alike, is the possibility of enthalpic interactions that result in
increased retention or irreversible sorption of the sample onto
the stationary phase. This makes it imperative to identify appro-
priate SP media. The most common strategy employed to
circumvent this critical issue is to include MP additives that
may include surfactants,25,79,122–125,131,132 but a number of recent
reports20,49,116,118,133–137 have also demonstrated that suitable SP
properties have been achieved with both polar and nonpolar MP
solvents. Fig. 5 demonstrates early success in resolution capacity
when a properly chosen SP is combined with multiple on-line
detectors for SEC utilized as a high pressure liquid chromato-
graph for nanoparticle separation. A cross-linked polystyrene SP,
with a relatively larger pore size than was used when only eluting
Au clusters in the same investigation, was combined with
tetrahydrofuran as the MP.123

An early application of HPLC/SEC to QDs was successful
in resolving elution fractions that contained narrower size
distributions than the starting material. However, recent studies
have shown that this technique could also be used to purify
nanocrystals. The potential for SEC to achieve size separation as
well as QD purification is apparent in Fig. 5 as 2.0 nm Au
nanoclusters and 1.8 nm CdSe NCs are well-resolved from linear
alkanes that could conceivably represent excess ligand or surfac-
tant impurities. Early examples to affect a type of purification
with HPLC/SEC applied to QDs were mainly applied post-surface
modification to separate QDs from excess polymers.130,132,138

Shortly thereafter, Biesta et al. utilized GPC in a similar manner
to separate excess dye molecules from nanocrystalline silica
in an organic MP.139 In a series of investigations toward bio-
compatible surface modification, water-soluble core/shell QDs

Fig. 4 Proton NMR spectra of thiol-capped Au nanoparticles purified by
several methods. From top to bottom: the pure oligo(ethylene glycol)
ligand (marked 2), as-synthesized Au nanoparticles (Au2.9-crude), dialyzed
nanoparticles (Au2.7-D), nanoparticles purified via extraction, chromato-
graphy, and centrifugation (Au2.8-ECC), and nanoparticles purified via
diafiltration (Au2.9-70R). The absence of the sharp peaks in the diafiltered
sample indicates the removal of the free ligands. Reproduced with permis-
sion from ref. 107. Copyright 2006 American Chemical Society.
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functionalized with hydrophilic ligands were successfully analyzed
with aqueous gel filtration chromatography (GFC) on the basis of
their resultant sizes; this was used to demonstrate the strength of
ligand binding and to assess the presence or absence of non-
specific adsorption of highly prevalent, endogenous serum proteins
in QDs intended for bioimaging applications.63,140–142 In
a preparative example, McLaurin et al. used GFC to isolate
QD-based ratiometric oxygen sensors.143 QDs functionalized
with an oxygen-sensitive, osmium-based FRET acceptor phosphors
were separated from QD aggregates and unbound phosphors,
as a step toward QD FRET-based oxygen sensors applicable in
biological systems. A very recent investigation of Cd-based QD
bioprobes purified by HPSEC post-ligand exchange confirmed
significantly improved agglomerate removal, and therefore
negligible nonspecific binding, with enhanced performance
of the QD bioprobes in immunofluorescence imaging and
stability for at least one year.135

Our group has recently established and continues to develop
gel permeation chromatography (GPC) as a preparative, repro-
ducible and robust purification technique for colloidal NCs
(Fig. 6).20,116 This novel approach for NC purification utilizes
GPC to exert a continuous driving force in situ to separate
unbound or weakly-bound small molecules. Only those ligands
with very large association equilibrium constants and/or very
slow desorption kinetics will remain adsorbed to the NC sur-
face upon their elution from the column. A MP solvent can be
selected that is the same as, or of similar polarity to, the initial
solvent for the NCs and so maintains the solvent conditions
under which the initial surface coordination environment was
assembled.20,29 The SP consists of cross-linked polystyrene

(Bio-Rad’s Bio-Beads SX-1 in initial studies). This SP has proven
to be compatible with Cd-based core and core/shell QDs capped
with typical anionic and L-type ligands, polymer-functionalized
Cd-based QDs with polar organic MP,116,132 carboxylate-capped
InP QDs,116,144 thiol-capped Au NCs,116 Cd-based nanorods of
varying aspect ratios,116 perovskite NCs,145 and iron oxide
NCs.133,134 Moreover, it is also possible to use the GPC column
as a multi-functional flow reactor that can accomplish in sequence
the steps of initial purification, ligand exchange, and subsequent
cleanup without requiring a change of phase. The dearth of SP
media for preparative SEC that swell in organic solvents
remains a limitation for the use of SEC for NP purification, given
the relatively low MWCO and operating pressures of polystyrene
Bio-Beads.24,121,132 Technological emphasis in resolution and
operating power has instead focused on small sizes.129 Aside
from typical column packing material used in GFC or other
aqueous phase HPLC/SEC, a few additional SP media with
organic MP have been identified as suitable for NCs. Namely, a
cross-linked styrene/divinyl benzene SP, which is both similar
to and compatible with polystyrene, was effective in eluting
Cd-based core/shell QDs.128 It is anticipated that SP media can
be identified, or specifically engineered, to meet the need of a
higher MWCO for larger synthesized NPs and overall scalability.
It will be essential to carefully consider and test the compatibility
of SP media with the NCs and the impurities being removed, to
prevent or minimize enthalpic interactions or aggregation on the
column and achieve high resolution separations.

5. Influence of purification on
photoluminescence in colloidal QDs

Purification steps can alter free ligand concentrations and the
solvent, so the need to understand how NC surfaces are affected
by purification has become more apparent as it is typically the
first processing step towards applications.3,4,14,15 Efficient and
size-tunable photoluminescence is one of the most distinctive
characteristics of colloidal QDs and has led to their initial
commercial applications, and indeed the most facile and
globally employed methods to monitor changes in QD electro-
nic structure are band edge optical absorption and emission.
Narrow, well-resolved, and consistent features in continuous-
wave absorption spectra are sensitive to changes in QD radius
and polydispersity, but reveal limited or no information about
localized states. The PL quantum yield (QY) and lifetime are
sensitive to trapping and non-radiative decay; in some cases
radiative decay from trapped excitons can be observed. Time-
resolved absorption and PL spectroscopy can additionally
reveal reversible trapping, and information about the distribu-
tion of non-radiative decay rates that is present among QDs in
the sample.146 This section will present some of the changes in
optical properties of QDs associated with purification as an
example of how purification influences NC surface chemistry
and electronic properties.

Purification methods can modify the QD surface through
dissociation or exchange of various ligand types with a number

Fig. 5 Chromatograms of normalized detector signals as a function of
elution time using 1000 Å cross linked polystyrene SP with THF MP for
d = 2.0 nm alkanethiol-capped Au clusters (blue), d = 1.8 nm pyridine-
functionalized CdSe NCs (red), hexadecane (c16, green), dodecane (c12, black)
and octane (c8, pink). Retention times are well resolved and demonstrate SEC
separation mechanism. Adapted with permission from ref. 123. Copyright
2005 American Chemical Society.
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of possible binding modes. Therefore, it is important to under-
stand how ligand binding affects PL, and whether PL changes
observed on purification, dilution, or a change of solvent are a
direct result of ligand exchange, or are associated with aggrega-
tion, surface oxidation, or surface reconstruction that may be
irreversible.23,27,37,50,147,148 The ligands and solvent also directly
modulate energy levels through classical dielectric confinement
effects, though this has been shown to be a small contribution
in most cases.149,150

5.1 Surface coordination of compound semiconductor QDs

It is crucial to identify and conceptualize ligand binding modes
in order to understand the major role purification can play in
modulating QD electronic properties and chemical reactivity in
subsequent processing steps.

Much of what has been discovered about as-synthesized
QD–ligand binding dynamics has emerged in the course of
surface modification procedures designed to replace native
ligands.151,152 Early understanding of QD growth hinged on
the concept of a coordinating solvent: the use of compounds,
typically Lewis bases, in high concentration to saturate the
surfaces of particles and serve as a steric barrier to aggregation
even at high growth temperatures.40 The role of the coordinating
solvent and identity of post-synthesis capping ligands have
been challenged by evidence that strongly coordinating reagent
impurities, rather than the nominal solvents themselves, can

dominate precursor reactivity and can also become the most
tightly bound and prevalent surface species, retained even
through multiple purification cycles.20,46,153

Motivated by the need to clarify how interactions between
native ligands and QD surfaces influence further surface modifi-
cations, particularly in ligand exchange reactions, Owen’s group
and Hens’s group have employed the covalent bond classification
(CBC) to characterize the exchangeable groups, initially based
on Cd chalcogenide QDs.3,22,151,154 In this scheme, ligands are
recognized as either L-type (2-electron donors, dissociating to
yield neutral Lewis bases); X-type (formal 1-electron donors,
dissociating to yield ions); or Z-type neutral Lewis acids
(2-electron acceptors, dissociating to yield neutral Lewis acids).
The original coordinating solvents and neutral carboxylic acids
can thus be described as L-type, while carboxylates or halides
are X-type. The binding between L-type ligands and QDs can be
labile especially when compared to strong-binding X-type
ligands. L-type ligands can be subject to dynamic exchange
between bound and free forms on experimental timescales. As a
result, following le Chatelier’s principle, this should lead to a
predictable loss of such ligands in any of the purification
techniques mentioned in the previous sections. Dissociation
of X-type ligands in non-polar solvents will not occur easily as
it requires charge separation, radical formation, or reductive
elimination. Drift velocity measurements have revealed that
QDs with X-type ligands in a non-polar solvent carry no more

Fig. 6 GPC purification of oleate-capped CdSe QDs with toluene MP and polystyrene SP (A) photograph of QDs (red band) transiting column under gravity
pressure. (B and C) 1H NMR spectra of 2 cycle precipitation/redissolution purified (A) and GPC purified (B) CdSe QDs. The insets are the expanded views of the spectra
in the range 4.5–6.5 ppm, capturing the olefin proton resonances of oleate species (OA) and residual octadecene synthesis solvent (ODE). (D) Ligand/impurities-to-
QDs ratio (mole/mole) for CdSe QDs purified by different methods. Adapted with permission from ref. 20. Copyright 2013 American Chemical Society.
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than a few elementary charges.155 However, as mentioned earlier,
numerous studies revealed that purification by multiple PR cycles,
especially with protic anti-solvents such as methanol, caused
displacement of lattice-terminating core cations together with
charge-balancing anionic ligands (Z-type ligands).22,24,54,156,157

Therefore, in common purification practices, the ligands that have
been removed are either L-type or Z-type, and the PL changes upon
purification are predominately a result of changes in L-type or
Z-type ligand population. The relative strength of L-type ligand
binding appears to vary widely: phosphines and amines are labile
at room temperature at CdSe and CdS NC surfaces, while primary
amines exhibit very strong binding to CuInS2 QD surfaces and were
found to be labile only on heating.158

While the covalent bond classification as described above
has served as a useful model for describing binary chalcogenide QDs
coated with carboxylates, phosphonates, and amines, it is likely an
incomplete picture of ligand binding modes. For example, thiols are
well known as strong ligands for many metal and metal chalcogen-
ide NCs. Within the CBC above, thiols could bind as L-type ligands
via their lone pairs, or as X-type thiolates following deprotonation.
However, the MacDonald group has reported159,160 purification and
ligand exchange results indicating a further distinction between
‘‘surface-bound’’ thiolates that are subject to exchange, and thiol-
derived ‘‘crystal-bound’’ sulfur that retains a covalent bond to an
organic tail group, but exists in a highly coordinated environment
resembling the anion site of the crystal lattice. Crystal-bound thiol
ligands on Cu2S, CuInS2, and CdSe/ZnS QDs are resistant to loss or
displacement in purifications steps.

Purification techniques can be an important tool in studying
and manipulating NC surface chemistry. Ligand binding and
exchange can be studied via NMR and isothermal titration
calorimetry (ITC) by introducing putative ligands to purified
NCs. Additionally, purification methods that do not require a
change in solvent offer the opportunity to directly characterize
ligand dissociation kinetics and thermodynamics. For example,
by continuously exposing NCs to a low or zero concentration of
free ligands, only those surface-bound equivalents with off-rate
lifetimes greater than the experimental timescale will remain.
Purification at different speeds could potentially detect off-rate
kinetics for molecules with very small dissociation equilibrium
constants. This data could help to distinguish associative and
dissociative ligand exchange mechanisms.161 Ligand exchange
rates could be investigated as a function of solvent polarity or
the presence of solvent impurities such as moisture,162 which
has already been shown to play a role in NC growth kinetics but
has not been thoroughly examined in the context of ligand
exchange to our knowledge. Quantitative kinetic and thermo-
dynamic measurements using purification may emerge in the
near future, though a concern is the propensity of NCs to
aggregate if steric and/or electrostatic stability imparted by
labile surface groups is lost.

5.2 Associating PL changes with effects of purification

It is well known that ligand exchange can affect QY; for
example, introduction of thiols has frequently been seen to
quench QY in CdSe QDs and this has been attributed to the

formation of hole traps at the QD surface.4,18,163,164 However,
changes have been observed upon mere purification or dilution
as well. In 2006 Bullen and Mulvaney published a quantitative
investigation on the relative strength of binding for ligands as a
function of solvent polarity, purity or temperature;18 it was one
of several reports around the same time that demonstrated how
merely diluting QD suspensions displaced chemisorbed ligands.27,28

The PL response observed by Bullen and Mulvaney suggested
an effective binding constant governs fractional occupation
especially of L-type ligands at the QD surface. Indeed PL
quenching on purification is seen in many cases.30,165 Fortu-
nately, it has now been established that such luminescence
responses are frequently reversible, as demonstrated in both
absorption and emission spectra.27,29,54,166–168 Fig. 7 depicts
this phenomenon in two separate investigations conducted
10 years apart, but attaining remarkably similar profiles. On
the left Kalyuzhny and Murray observed a slight redshift of
band-edge absorption and PL maxima of diluted CdSe QDs at
the conclusion of a number of purification steps. Additionally,
sub-bandgap emission attributed to surface defects increased
while band edge emission decreased by almost 90% of its
original intensity with repeated purification steps.27 The
reverse of this process is depicted in the later study conducted
by Krause et al. on the right, with the addition of an L-type
ligand (butylamine) capable of passivating surface cadmium
sites, suppressing surface electron trap emission and increasing
overall PL efficiency.147

Our group has investigated PL dynamics in core/shell Cd–
chalcogenide QDs, which displayed a characteristic decrease in

Fig. 7 Left: Normalized optical spectra for CdSe QDs showing redshift in
(a) band-edge absorption and (b) emission upon 0, 1, 2 and 5 times
repeated PR purification cycles recorded by Kalyuzhny and Murray in 2005
(ref. 27). Lower energy defect emission increases substantially with
repeated PR as shown in (b). Right: Addition of butylamine at relevant
concentrations after sufficient time for QD surface equilibration, demon-
strating reversible band-edge and defect emission shifts for (c) Se-rich and
(d) Cd-rich CdSe QDs recorded by Krause et al. in 2015 (ref. 147). Figures
adapted with permission. Copyright American Chemical Society 2005 &
2015.
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PLQY, decrease in average lifetime, and increase in rate dispersion
when purified by GPC in toluene.29 After each surfactant component
from the shell growth reaction was systematically reintroduced
to the purified core/shell QDs, it was observed that alkylamine
and trioctylphosphine (TOP) L-type ligands could most effec-
tively and reversibly recover QY (Fig. 8). The QY regeneration
was accompanied by restoration of the PL lifetime; the lifetime
changes were associated with a change in the amplitude of the
longest lifetime components.

We employed isothermal titration calorimetry to differentiate
the extent of L-type ligand binding for the thinner CdZnS alloy
shell sample, which revealed an exotherm associated with intro-
duction of TOP to purified QDs, confirming an interaction of the
ligand with the QD surface, whereas trioctylphosphine oxide,
which failed to restore the QY, did not generate a heat response,
consistent with a lack of binding over the same range of
concentrations.29 A binary L- and X-type ligand system could
universally regenerate QY for the purified QDs, however this was
attributed to irreversible surface reconstruction as evidenced by
bathochromic shifts in related optical spectra.29,167,168 The
change in PL upon GPC purification could thus be attributed
to a complete loss of L-type ligands, while a population of
strongly-bound Z-type ligands is retained on the experimental
timescale. Akdas et al. conducted an investigation to elucidate
effects of purification on optical properties in CuInS2 and
CuInS2/ZnS which revealed very similar PL lifetime amplitude
trends once an optimal purification system was identified.38

Despite the roles of the thiol as both a NC precursor material
and final passivating ligand, which should lead to a crystal-
bound thiol coating, the core passivation alone did not make the
opto-electronic properties impervious to purification. As with
typical observations, the QY and average PL lifetime were better
maintained when electronic isolation was provided by a ZnS
shell, and even more so when this was combined with a
judicious choice of the PR anti-solvent/solvent combination for

their purification.38 Another recent study developing an aqueous-
based gradient ultracentrifugation purification for fluorescent
carbon NPs, also reported that maintaining exciton radiative
recombination was influenced primarily by retained hydro-
philic surface groups.169 While it would be inappropriate to consider
all QD surfaces as completely analogous to Cd–chalcogenide
systems, these observations suggest that at least some observa-
tions can be transferred to more complex semiconductor–ligand
interfaces.

Over the last few years a number of groups have published
reports on less toxic alternatives to the very familiar Cd and Pb
chalcogenide NCs, and the emerging systems are usually more
complex quantum-confined fluorophores.1,38,154,169 Findings
from Cossairt’s group after a closer investigation of shell
precursor material added to InP QDs to improve QY, revealed
another example of NC surface engineering. When adding what
they term ‘‘exogenous Lewis acids’’ in the form of specific
Cd- and Zn-carboxylates, the QD surface was altered such that
significant PL enhancement could be achieved,36 as well as a tuning
of the InP absorption and emission lowest energy electronic transi-
tions. QY enhancement upon the post-synthetic treatment with the
metal carboxylates might be described as passivation through
introduction of a Z-type ligand. If so, the ligand association is very
strong, as a portion of the added metal was retained even after
excess metal carboxylates and In-oxide impurities were removed by
a combined PR and filtration purification process. Final In-to-metal
ratios along with the PL responses suggested that the metal
carboxylates strongly adhered to undercoordinated surface phos-
phorus sites, and to some degree were also integrated in the crystal
lattice to displace native In atoms. Again, while Cd-based NC
investigations dominate the field and offer an important founda-
tion for other complex semiconductor–ligand interfacial studies,
the responses to purification in this metal-doped InP system cannot
be directly interpreted on the basis of the Cd chalcogenide system;
especially since the drastic changes in lowest energy electronic

Fig. 8 31P NMR of core/shell CD-based QDs before (A) and after (B) GPC purification; insets of respective 1H NMR spectra. (C) Absorption spectra of QDs
demonstrating no surface damage after GPC purification. (D) Decrease in band-edge PL intensity after GPC purification, and (E) PL intensity regenerated
after addition of L-type ligand post-purification. (F) Schematic of L-type ligand association to vacant sites on QD surface; only strongly coordinated
X-type ligands remain post-purification. Photos of GPC-purified QDs before and after QY regeneration QDs under ambient light (top) and UV irradiation
(bottom). Figures adapted with permission from ref. 29. Copyright 2015 American Chemical Society.
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transition wavelengths were not accompanied by a change in
the NC size. The ability to identify reversible or non-perturbing
purification techniques tailored to specific QD materials in
specific processing environments is imperative. This is especially
true if analysis of the final product is difficult; for example if
ligand exchange leads to a quenched product, it may be difficult
to distinguish successful ligand exchange from repercussions of
purification.35

5.3 Improving structural interpretation and material scope

Many descriptions of NC ligand binding modes are purely schematic
and do not account for the specific structural characteristics of the
NC surface. Yet, this is beginning to change with more examples of
single-crystal X-ray diffraction based structures for inorganic clusters
and small NCs,10,170 and with more closely integrated theoretic and
experimental analysis. The crystal phase, size, and stoichiometric
excess of NCs influence the number and character of the ligand
binding sites that are available at their surfaces. For example, the
eight symmetrically equivalent {111} faces of the rocksalt crystal
structure adopted by PbS NCs are formed by alternating layers of
cations and anions; terminating them with a complete monolayer
results in a charged surface requiring a high density of X-type
ligands for charge balance, while the {100} and {110} facets are
charge-neutral. This effect of this requirement was demon-
strated in a combined theoretical and experimental study by
Zherebetskyy et al.171 of oleic acid-passivated PbS NCs, which
showed that water generated as a synthetic byproduct results in
hydroxide serving as an X-type ligand at the {111} facets.
Hydroxide was necessary to completely passivate the {111} facets,
in addition to oleate, due to steric constraints. In contrast, the
{100} facets could be passivated by readily exchangeable oleic
acid. An investigation on ligand interactions at certain CdS
facets34 further supported the increasing need to probe QD
surface structure to control processes such as interparticle
charge transfer or extended crystal growth.

Precise purification methods, supported by surface metrics
that can gauge their effects, should enable the handling of NCs
with sub-monolayer surface termination and accurate measure-
ment of ligand stoichiometries. As such purification technologies
will be a useful tool in developing structurally grounded models of
surface chemistry and ligand exchange at NC surfaces. Purification
technologies must also be shown to work for emerging classes of
nanocrystalline materials, including Cd- and Pb-free compound
semiconductors such as InP and LiZnP.1,36,172 These compounds
can have more complex ligand binding modes and increased
sensitivity to oxidation compared to chalcogenides, which will
increase the need for precision in describing their surface chem-
istry and spectroscopy.

6. Conclusions

As the value contributed by colloidal NCs becomes increasingly
clear, the need for a detailed understanding of their surface
chemistry and of appropriate means to describe and isolate
the structures that give rise to their remarkable and useful

properties becomes increasingly urgent. The work described in
this Article clearly illustrates that the surfaces of colloidal NCs
are subject to dynamic equilibrium with the surrounding
medium and may change upon purification or dilution, leading
to changes in properties critical to performance. Purification
methods are now available that allow a high degree of process
control and repeatability, and many of them do not require a
change in solvent that could disrupt ligand binding free
energies. Additionally, analytical techniques such as NMR,
TGA, and calorimetry can help to profile samples to allow the
results of different purification techniques to be compared, and
in principle to permit a standard description of nanoparticle
samples across the field.173 Such standardization will greatly
benefit interpretation of physical property measurements and
accelerate the development of more sophisticated, multistep
preparative routes to highly efficient absorbers, emitters, and
multifunctional materials. Increased rigor in reporting of
purification methods and analytical metrics will be helpful in
achieving these goals. Ultimately, matters of scalability and cost
will be important in selecting the most appropriate purification
method for a particular task. Engineering studies examining
purification of nanocrystals at larger scale and in integrated
and/or continuous processes could help optimize current
technologies and achieve useful cost figures.
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