Open Access Atrticle. Published on 31 oktober 2022. Downloaded on 6-3-2026 19:23:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Nanoscale

REVIEW

7 ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Nanoscale, 2022, 14, 16415

Received 22nd August 2022,
Accepted 29th October 2022

DOI: 10.1039/d2nr04595h

Analytical separation techniques: toward achieving
atomic precision in nanomaterials science

Krishnadas Kumaranchira Ramankutty* and Thomas Buergi () *

The size- and shape-dependence of the properties are the most characteristic features of nanoscale matter.
In many types of nanomaterials, there is a size regime wherein every atom counts. In order to fully realize the
idea of ‘'maneuvering things atom by atom’ envisioned by Richard Feynman, synthesis and separation of nano-
scale matter with atomic precision are essential. It is therefore not surprising that analytical separation tech-
nigues have contributed tremendously toward understanding the size- as well as shape-dependent properties
of nanomaterials. Fascinating properties of nanomaterials would not have been explored without the use of
these techniques. Here we discuss the pivotal role of analytical separation techniques in the progress of nano-
materials science. We begin with a brief overview of some of the key analytical separation techniques that are
of tremendous importance in nanomaterials research. Then we describe how each of these techniques has
contributed to the advancements in nanomaterials science taking some of the nanosystems as examples. We
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Introduction

Michael Faraday was one of the earliest who observed that
‘divided forms’ of matter exhibit strikingly new properties
compared to that of bulk matter." The horizon of nano-
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discuss the limitations and challenges of these techniques and future perspectives.

materials has been expanding at a tremendous pace and a very
large variety of nanomaterials emerged in the last few decades.
The most important aspect of nanoscale matter is the size-
and shape-dependence of their properties. Extremely high
size- and shape-monodispersity and purity are essential for
obtaining meaningful information of the properties of nano-
materials. Most of the synthesis routes, irrespective of the type
of the nanomaterial, are inadequate to provide monodisperse
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and highly pure products. This necessitates the use of tech-
niques for efficient size- and shape-dependent separation of
nanoscale materials. The advances in almost any branch of
nanomaterials research, be it metal nanoparticles or clusters,
carbon nanomaterials, quantum dots, etc., are due to the
application of suitable separation and purification techniques.
Mass spectrometry has also contributed significantly to the
understanding of precise compositions and properties of
nanoscale matter in the gaseous phase.” Fascinating pro-
perties of many types of nanomaterials such as structure,
chemical reactivity, magnetism, photoluminescence, chirality,
etc., would not have been observed without these techniques.
Purity as well as monodispersity (in size and shape) is crucial
for spectroscopy of nanomaterials but also for many techno-
logical applications.

Understanding the evolution of properties in materials as
they grow from atoms or molecules to bulk condensed matter
through atomically precise assemblies (also referred to as
‘clusters’) is an important goal of nanomaterials research. In
this journey from atoms/molecules to bulk materials, new pro-
perties emerge. It is not surprising that atomic precision is
essential in order to observe those new properties of materials.
In order to fully explore properties of nanoscale matter, we
need appropriate tools to achieve atomic precision in synthesis
and characterization. This has been mostly evident in case of
metal clusters (as we discuss later) where several fascinating
properties such as photoluminescence, chirality, etc., were
observed. Atomically precise materials are also essential in
order to realize cluster-assembled materials. Only more effort
and new experiments can unveil the phenomena of atomic pre-
cision in other types of materials, similar to what we currently
enjoy in the case of metal clusters. Recently, there has been a
trend in nanomaterials research community toward achieving
atomic precision or zero-dimensionality in many types of
materials such as chalcogenide quantum dots,>™
perovskites®® and two-dimensional (2D) materials,® etc.,
which are traditionally investigated in the three-dimensional
(3D) or extended network forms. The principal motive behind
these efforts is to overcome the limitations imposed by their
3D/bulk nature, such as defects, phase boundaries, etc., preser-
ving their inherent properties.” Another immediate impli-
cation of these attempts is to look for new properties emerging
due to the atomic precision or low-dimensionality in these
materials. This calls for achieving atomic precision in these
low-dimensional materials which is closely related to the avail-
ability of potential separation techniques.

Here we discuss the pivotal role of analytical separation
techniques in unveiling the fascinating size- as well as shape-
dependent properties of nanomaterials. A brief overview of
some of the key analytical separation techniques that are
widely used in nanomaterials research is presented first. Then
we discuss a few examples of nanomaterials and how separ-
ation techniques have been crucial in exploring their pro-
perties. We focus only on a few selected examples of nano-
materials in this article, however, challenges related to purity
and monodispersity exist for almost any type of nanomaterials.
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We finally summarize and provide a brief discussion on the
limitations and challenges of these techniques and areas
wherein further advancements are necessary, and also provide
a future perspective. We believe that there are challenges to be
addressed in the area of analytical separation tools toward an
ambitious goal of achieving atomic precision in nanomaterials
science.

Analytical separation techniques in
nanomaterials research: an overview
Electrophoresis

Electrophoresis refers to the motion of dispersed particles or
dissolved molecules in a fluid medium under the influence
of an external electric field.'® Charged particles or molecules
move across the medium toward the electrodes of opposite
polarity. The electrophoretic mobility of a molecule or par-
ticle depends on its size and charge. Investigations by Arne
Tiselius in 1930s are considered to be the foundations of elec-
trophoresis.'” There are several variants for electrophoresis
such as polyacrylamide gel electrophoresis (PAGE), agarose
gel electrophoresis (AGE), capillary electrophoresis’®*® (CE),
etc. PAGE is traditionally used in biology for the separation of
proteins, nucleic acids, etc. The stationary phase here is a gel
prepared by polymerizing acrylamide using a free radical
initiator such as ammonium persulfate (APS). Typically, acryl-
amide and bisacrylamide are mixed with a suitable buffer
solution, APS and a stabilizer such as tetramethyl-
ethylenediamine (TEMED). Bisacrylamide acts as a cross
linker between the polymer chains formed from acrylamide.
The relative concentrations of acrylamide, bisacrylamide,
APS, TEMED are varied in order to get a gel with suitable
pore sizes for the separation of the target analytes. After
mixing the reagents, the solution is poured to the space
between two vertically placed glass plates in a gel caster.
Once the polymerization is finished, the gel can be used for
electrophoresis. Once the separation is finished, the gel can
be stained in order to see the separate bands that are formed.
The gel can also be cut along the different bands and dis-
persed or dissolved in a suitable solvent in order to retrieve
the separated analytes. PAGE and AGE are extremely useful
technique for separation and purification of water-soluble
(nano)materials. However, the quantities that can typically be
separated by electrophoresis are rather small (mg) and the
procedure can be time-consuming. CE is one of the tech-
niques extensively used for separation of biological materials.
However, this technique is only suitable for analytical pur-
poses because only very small quantities can be separated
due the small size of the capillary tube. Electrophoretic separ-
ation of nanomaterials has been summarized in a review
article by Surugau and Urban.'*

Liquid chromatography and associated techniques

Liquid chromatographic (LC) techniques such as high-pressure
liquid chromatography (HPLC), liquid chromatography-mass

This journal is © The Royal Society of Chemistry 2022
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spectrometry (LC-MS), size exclusion chromatography (SEC),
etc., are extremely powerful in current research on metal nano-
systems especially for atomically precise, ligand-protected
metal clusters. The technique is based on the intermolecular
interactions of the analyte and the stationary phase. LC has
been used to size-separate atomically precise clusters and
nanoparticles of noble metals. Chiral HPLC was used for the
separation of enantiomers of atomically precise noble metal
clusters."” LC-MS was used for the separation of structural
isomers of thiolate-protected noble metal clusters in solu-
tion."® Some of these examples are presented in detail in a
subsequent section. Note that many LC methods are mainly
used as analytical tool but separation of small quantities
(several mg) of material can be achieved using (semi-) prepara-
tive columns, although running many separation runs for
achieving the desired quantities can be time-consuming. Since
SEC is a widely used and a facile method to size-separate and
purify a variety of nanomaterials, we discuss about this tech-
nique in some more detail below.

Size exclusion chromatography (SEC)

SEC was discovered in 1955 by Grant Henry Lathe and Colin R.
Ruthven.''® They initially used starch as the stationary phase
and later, materials such as agarose, acrylamide, etc., were also
used. Currently, a wide variety of materials are commercially
available. Traditionally, SEC was used in biology and polymer
research. Typically, a concentrated solution of the polydisperse
sample is passed through the stationary phase, typically a long
glass tube packed with the beads of the stationary phase.
Sometimes, the beads of the stationary phase material need to
be dispersed in a suitable solvent for a few hours prior to
packing in the glass tube. During this process, the beads get
swollen and pores of various sizes are formed. Larger particles
elute faster than the smaller ones. As the solution containing
the polydisperse sample passes through the stationary phase,
larger molecules or particles cannot be trapped into the
smaller pores and therefore, move faster through the station-
ary phase and elute first. The smaller molecules or particles
are trapped into the pores of the stationary phase and hence,
move slowly and elute later. The most important requirement
for successful SEC is that the stationary phase should not lead
to any irreversible adhesion or decomposition of the sample.
If adsorption of the analyte on the SEC material can be neg-
lected, the only parameter that determines the retention times
(for a given stationary phase with a given pore size distri-
bution) is the particle or molecular size. SEC is now widely
used for the separation and purification of metal nano-
particles, clusters, quantum dots, nanocarbons, etc. The
choice of the stationary phase, solvent, pH, etc., vary depend-
ing on the nature of the sample. SEC is possible for a variety of
materials including non-water-soluble materials and many
SEC materials are commercially available. SEC is a cheap
method, as it does not rely on expensive equipment, and it
allows to separate relatively large quantities (tens of mg) in
short time.

This journal is © The Royal Society of Chemistry 2022
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Ultracentrifugation and centrifugal filtration

Ultracentrifugation is a technique for sedimentation of
materials by centrifuging them at ultra-high speeds. This tech-
nique can be used for preparative or analytical purposes. This
is one of the most essential and routine techniques in biology
and materials sciences. Theodor Svedberg introduced ultracen-
trifugation technique and was awarded the Nobel prize in
Chemistry in 1926 for his contributions in developing this
technique.'® Density gradient ultracentrifugation has been
applied to separate various types of nanomaterials®® and bio-
logical samples.”’ Here, the sample is centrifuged in a
medium of graded density. This leads to better separation and
less cross contamination between the fractions, but typically
only small quantities can be separated. The commonly used
media are iodixanol, sucrose, etc.

Centrifugal filtration is also one of the very important sep-
aration/purification techniques for nanomaterials. Centrifugal
filter tubes with varying molecular weight cut offs (MWCO) are
currently available on the market. These are used as the pre-
liminary purification methods for removing excess of metal
ions, ligands (such as thiols, DNA oligomers, etc.) and other
small molecule residues after the synthesis.

Separation using depletion forces

This is an interesting method of size- and shape-separation of
colloidal systems utilizing entropic driving force®®>* (see
Fig. 2). This method has been used for several types of nano-
materials including plasmonic nanosystems, quantum dots,
carbon nanotubes, etc. The basic idea of this technique is that
an attractive force occurs between larger particles in a colloidal
dispersion, depleting the amount of smaller particles between
the larger ones. Because of the attraction between larger par-
ticles, they tend to aggregate and sediment, leaving the
smaller particles in solution. In this final state, the entropy is
higher because of the larger translational entropy of smaller
particles gained by entering into the free solution (as opposed
to the situation where the smaller ones are trapped between
larger ones). Asakura and Oosawa were one of the first to
demonstrate this phenomenon.>

Size-selective precipitation

Size-selective precipitation is a highly useful method for the
size-separation of various types of nanoparticles. This technique
is based on the fact that nanoparticles can be precipitated from
a solution by adding a non-solvent or bypassing pressurized
gas. Nanoparticles (of different size, shape and composition)
have different solubility and can therefore be separated (fractio-
nated). This method has been used for narrowing the size-distri-
bution of semiconductor nanoparticles and noble metal nano-
particles.”® For example, Gravelsins et al used this technique
for Au nanoparticles that are soluble in organic solvents.>®

Dialysis

Dialysis is one of the membrane-based separation techniques
used across diverse disciplines.?’ It is one of the simplest and

Nanoscale, 2022, 14,16415-16426 | 16417
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preliminary methods of separating various nanomaterials
according to their molecular weights. This is routinely used for
removing excess ligands, oligomeric metal-ligand complexes
and  sub-nanometer sized  particles from = metal
nanomaterials.>*3° Dialysis membranes of appropriate
MWCOs are chosen depending on the type of material.
Dialysis is typically performed for 2-3 days.

Crystallization

Crystallization is an important technique to obtain highly pure
samples from a complex mixture or from a reaction mixture.
Crystallization has also been used to obtain highly pure
samples of atomically precise noble metal nanoclusters.®®
There is a growing interest to make colloidal nanocrystals of
plasmonic metals,**** chalcogenide quantum dots,>** etc.
Crystallization of colloidal systems is an extremely useful way
to form their self-assembly,*® superlattices, etc.

Ion mobility mass spectrometry: size and shape separation in
gaseous phase

Ion mobility mass spectrometry (IMS) is one of the techniques
used for the size- and shape-dependent investigations of mole-
cular properties in the gas phase. IMS was invented by Earl
W. McDaniel in 1950s.*”?% In 1960s, efforts to couple ion
mobility measurements to mass spectrometers progressed.
IMS separates gas phase ions depending on their drift times
i.e., the time they take to migrate through a buffer gas under
an electric field.*” Collision cross sections which depend on
the size, shape and the charge of these ions can be calculated.
Structural isomers possess different drift times as well as col-
lision cross sections. This is referred to as drift-time ion mobi-
lity mass spectrometry (DTIMS). There are variants of IMS
such as differential ion mobility mass spectrometry (DMS),
aspiration ion mobility spectrometry (AIMS) and traveling-wave
ion mobility spectrometry (TWIMS).>” IMS is an extremely
powerful tool for several practical applications such as detec-
tion of explosives, drugs and chemical warfare agents but also
for nanomaterials. Advancements in this technique have been
presented in recent reviews.>**

Interaction of nanomaterials with the separation devices

One of the hurdles in successful separation or purification of
nanomaterials is the strong (sometimes irreversible) inter-
action between the samples and the active materials (station-
ary phases in SEC, HPLC, coating in centrifugation tubes, gels
in PAGE, etc.) in the separation devices. This is especially
important in case of plasmonic metal nanoparticles, atomic-
ally precise clusters, DNA-templated metal nanosystems, etc.,
wherein these materials tend to strongly adsorb onto the
stationary phases in HPLC, SEC, etc. Sometimes, metal clusters
also tend to react with the stationary phases leading to com-
plete changes in size and composition. For example, Xie et al.,
found that in the purification of ultrasmall thiolate-protected
Ag nanoclusters via a desalting column and ultrafiltration, the
nonluminescent Ag nanoclusters were spontaneously trans-
formed to highly luminescent nanoclusters.*! Alternation of
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the charge states of metal clusters while passing them through
a TLC plate is also reported. For example, for the facile conver-
sion of anionic Au,5(SR);s (-SR is an alkyl/arylthiolate) to
neutral Au,5(SR);5, TLC has been used.®® Difficulties in reco-
vering or redissolving the separated materials from the gels
after PAGE is also a common problem encountered in gel
chromatography. This occurs due to the irreversible binding of
the samples with the gels. Another important factor is to use
the solvents that are compatible with the separating devices.
Advantages and disadvantages of some of the techniques dis-
cussed above are summarized in Table 1.

The role of analytical separation techniques: a few examples

In the following discussion, we briefly mention how the tech-
niques described above contributed to the understanding and
advancements in the research types of
nanomaterials.

on various

Carbon nanotubes

Carbon nanotubes (CNTs) can be considered as being formed
by rolling a 2D layer of graphene along a specific direction.
The chiral vector C of a single-walled CNT (SWCNT) can be
expressed as a function of graphene lattice vectors a; and a,
with € = n@y + m@,. The structure of SWCNTs can therefore
be described by the (n, m) indices. The properties of SWCNTs
(conduction, optical chirality) depend strongly on their struc-
ture (and therefore on these indices). Even though synthesis
routes have been advanced tremendously in the last decade,
CNTs have been prepared in a polydisperse form, which
requires further separation and purification in order to sort
them according to their chirality indices. Techniques such as
column chromatography, density gradient ultracentrifugation,
etc., have contributed largely to the advancement of funda-
mentals and applications of CNTs.

Liu et al., demonstrated that single-walled CNTs can be sep-
arated according to their sizes using column chromatography
(see Fig. 1).*> Ghosh et al., showed that density gradient ultra-
centrifugation is extremely useful for sorting CNTs.*?
Depending on the indices of the SWCNTs, they can be metallic
or semiconducting. Various methods have been adopted for
separation these two types of SWCNTs.** One of the most fas-
cinating properties of CNTs are their optical chirality.*’
However, samples prepared using standard procedures contain
racemic mixtures of (n, m) SWCNTs. Using density gradient
ultracentrifugation, enantiomers of (6, 5) SWCNTs were separ-
ated using chiral surfactants such as sodium cholate.*® These
surfactants adsorb differently on the two enantiomers of the
tube, which is the basis for the successful enantiomeric separ-
ation. The separated enantiomers can be characterized by chir-
optical techniques, such as circular dichroism (CD) and
Raman optical activity (ROA).*° Fig. 3 shows the ROA spectra of
the separated enantiomers of (6, 5) SWCNTs.

Metal nanoparticles and atomically precise metal clusters

For metal nanomaterials, atomic precision has been achieved
quite successfully. They present an example of success in

This journal is © The Royal Society of Chemistry 2022
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Small to large scale, time consuming (a few hours to a few days)
Small to large scale, sample should be stable in stationary phase

Difficulty to recover the separated bands, typically small scale
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Fig.1 (a) Schematic diagram of single-surfactant multicolumn gel
chromatography (SS-MUGEC) for separating SWCNTs. (b) Optical
absorption spectra and (c) photograph of the separated metallic and
semiconducting SWCNT fractions (2000 ml per fraction, ~0.8 ug ml™).
In b, the relative interaction strength between SWCNTs and the gel is
indicated with an arrow (Col., column; Semi, semiconducting). This
figure has been reproduced from ref. 42 with permission from Springer
Nature, copyright 2011.
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Fig. 2 A schematic illustration of depletion-induced, entropy-driven
separation of a multicomponent colloidal dispersion. Numerous, small
micelles create an entropic, short-ranged attraction between the largest
nanoparticles (yellow rods here). This results in preferential aggregation
and sedimentation, leaving relatively smaller nanoparticles in solution.
This figure has been reproduced with permission from ref. 25 with per-
mission from the American Chemical Society, copyright 2010.

understanding the evolution of properties from atoms to atom-
ically precise clusters and to larger bulk-like crystals. Synthesis
of plasmonic metal nanoparticles, especially by wet chemical
methods, results in a complex mixture, which is polydisperse
in size as well as shape. Such a complex mixture can be separ-
ated according to the sizes and shapes of the nanoparticles

Nanoscale, 2022, 14,16415-16426 | 16419


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr04595h

Open Access Article. Published on 31 oktober 2022. Downloaded on 6-3-2026 19:23:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

A
N

Raman Shift

Fig. 3 Resonance Raman optical activity spectra of enantiomers of
(6, 5) carbon nanotubes. This figure has been reproduced from ref. 46
with permission from the American Chemical Society, copyright 2016.

using various techniques. Shape-dependent separation of
quantum dots and noble metal nanosystems were achieved by
using a variety of techniques such as PAGE, AGE,*” ultracentri-
fugation,*® SEC,*® CE,*® etc. For examples gold nanotriangles,
rods and nanospheres can be separated from their mixture
using agarose gel electrophoresis (see Fig. 4A-D).”

The field of atomically precise, molecule-like noble metal
clusters has advanced tremendously in the last decade, thanks
to the application of several analytical separation techniques.
PAGE is one of the earliest separation techniques adapted to
the field of ligand protected noble metal nanoparticles and
clusters. This technique is limited to the separation of water-
soluble clusters or particles. Several clusters such as

nanorods

(A) .

nanoplates

nanospheres

Fig. 4 (A) Digital image of preparative agarose gel electrophoretic
column shows the separated nanospheres (red band), nanoplates (blue
band) and long nanorods (light brown band), TEM images of (B) separ-
ated pure nanospheres, (C) separated nanoplates (inset shows some
short rods coexist with plates), and (D) purified long gold nanorods. This
figure has been reproduced from ref. 50 with permission from Elsevier,
copyright 2005.

16420 | Nanoscale, 2022, 14, 16415-16426

View Article Online

Nanoscale

Auy5(SG)ig, Auy02(SR)44, etc., have been separated from the
crude mixtures. Some of the earliest attempts to use gel elec-
trophoresis for metal nanosystems were reported by Whetten
et al., Arnaud et al., and Parak et al., in 2000, 2003 and 2005,
respectively.”>>* The first observation of chiroptical signatures
in thiolate-protected noble metal clusters by Whetten et al.,>
made use of PAGE. Kimura et al., were the first to use PAGE for
the size determination of gold nanoparticles in 2009.>> They
used glutathione-protected gold nanoparticles for the experi-
ments. This technique is applicable for the separation and
purification of protein-protected metal clusters as well.’® The
method is now widely used for the separation and purification
of water-soluble metal nanoparticles and clusters.

SEC has played an immense role in the advancement of the
metal nanoparticle research. In 1979, Henglein et al, used
SEC for the separation of CdS sols.”” SEC has been used for
the size and shape separation of nanoparticles since 1999.%%°°
SEC has been a valuable method for the isolation of atomically
precise metal clusters from a crude mixture of polydisperse
metal nanoparticles. For example, porous, styrene-divinyl-
benzene beads (brand name is Bio-Beads SX), are used for the
separation of atomically precise noble metal clusters. SEC is
capable of separating thiolate-protected noble metal clusters
that differs in nuclearity by just two Au atoms as demonstrated
by Knoppe et al. in case of Auzg and Aug,.*° This is a fascinat-
ing example showcasing the power of SEC in metal cluster
research. SEC is also important for the purification of these
clusters. After preliminary solvent washes, the crude cluster
mixture is passed through a SEC column to get rid of any free
ligands, metal-ligand complexes and other residues in the
reaction mixture. For all these reasons, SEC has now become a
routine purification method to obtain clusters of high purity,
especially for spectroscopic studies.

HPLC has been used for separating the enantiomers of
atomically precise, ligand-protected noble metal clusters.
Many ligand-protected noble metal clusters are in fact chiral.®?
The electron diffraction patterns of Au;,(SR),4, which was the
first crystal structure to be resolved in the family of thiolate
protected noble metal clusters, reveal the presence of enantio-
mers.®®> However, the separation of their enantiomers has not
been possible for a long time. Crystal structure and theoretical
calculations show that Ausg(SR),4 is a chiral molecule.’™*
Dolamic et al., separated the enantiomers of this cluster using
HPLC and it was the very first time in the family of thiolate
protected noble metal clusters (see Fig. 5).° Auy,(SR),, and
Auzg(SR),4 are two beautiful examples demonstrating that
these molecular clusters can be chiral even without any chiral
components in them: chirality of these clusters arises due to
the chiral arrangement of the ligands surrounding their metal
cores.’®® Several new chiral clusters were synthesized and
their chiroptical properties have been studied after success-
fully separating the enantiomers using HPLC.°*®” Today,
HPLC is the most frequently used techniques for the separ-
ation of the enantiomers of this type of clusters. Other tech-
niques to separate enantiomers, like chiral phase transfer are
also promising.®®

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2nr04595h

Open Access Article. Published on 31 oktober 2022. Downloaded on 6-3-2026 19:23:32.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

25,000 8.45 min b 1 —— Racemic
. 112 —— Enantiomer 1
E 20,000 ;:/ 10 —— Enantiomer 2
> 15,000 3
ko) 17.45 min s
§ 10,000 2
2 g
5,000 2
0 i
0 5 10 15 20 25 30 35 400 600 800 1,000
Time (min) Wavelength (nm)
Fig. 5 (A) Schematic showing the top view (left), side-view (middle) and

a schematic representation highlighting the handedness of
Auzg(SCH,CH,Ph),4 (right). (B) HPLC-chromatogram (a) of the enantio-
separation of rac-Ausg(SCH,CH,Ph),4 with the ultraviolet—visible detec-
tor at 380 nm. The peak at 8.45 min corresponds to enantiomer 1; the
second peak at 17.45 corresponds to enantiomer 2, and ultraviolet—
visible spectra (b) of enantiomers 1 (black) and 2 (red) and of the race-
mate (blue). The spectra were normalized at 300 nm and off-set for
clarity. The well-known ultra- violet—visible signature of Ausg is perfectly
reproduced in all spectra, showing that the two collected fractions are
composed of Auzg(SCH,CH,Ph),4. This figure has been reproduced from
ref. 61 with permission from Springer Nature, copyright 2012.

Chirality arising from the achiral arrangement of metal
atoms in the core is rather less explored. Recently, Whetten
et al., have used LC-MS for the separation of ligand protected
noble metal clusters.'®®® They further demonstrated the exist-
ence of structural isomers in Ag,o clusters in the liquid phase
using LC-MS."”

Thin layer chromatography (TLC) is a routine technique in
organic synthesis, but it has only recently been used in the
field of ligand protected noble metal clusters. Ghosh et al., has
demonstrated for the first time that TLC can be employed as a
simple and rapid tool for the separation and purification of
metal clusters (see Fig. 6).°” Their work showed that clusters

A) B)

T
Band 1
Au, BT,

Band 2

Au,Calix BT

Band 3
Au,Calix,BT,,

Intensity

Band 4

-
.- Band 5
Au,Calix, ,BT o 1 A ALJ J-
] Band 3
E Band 4 Srude l r l - |l -
(El;;qa.;g’s 6500 7000 ., 7500 8000
Fig. 6 (A) Photograph of the TLC plate used for cluster separation. The

faint bands observed between bands 1 and 2 are caused by sticking of
the clusters to the TLC plate upon drying between runs. (B) MALDI MS
data of AupsCalixg_3BTe_15 (Calix = Calixarene, BT = n-butanethiol)
crude product before TLC (black trace) and bands 1-5 separated by TLC.
This figure has been reproduced from ref. 69 with permission from the
American Chemical Society, copyright 2014.
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with mixed ligand composition can be separated according to
their mode of binding (ie., monodentate vs. bidentate).
Furthermore, they demonstrated that -clusters such as
Au,5(BuS);g and Au,s(HT);s (BuS and HT are 1-butanethiol and
1-hexanethiol, respectively) can also be separated using TLC.
This technique has also been used in a few other cluster
systems.”®”" This is one of the easiest methods for separation
and purification of clusters. Recently, Yan et al, used TLC
coupled with chemiluminescence for size determination and
quantification of gold nanoparticles.”

HPLC has been used for separating the structural isomers
in mixed ligand shell clusters resulting from the ligand
exchange reactions. Sels et al., have demonstrated that the
isomers resulting from the exchange of the phenylethanethio-
late (PET) with a dithiolate ligand, i.e., R/S-1,1'[binaphtha-
lene]-2,2'-dithiol (BINAS), can be separated using HPLC.”?
A recent review by Negishi et al., summarized the advance-
ments in the HPLC in the field of thiolate protected atomically
precise noble metal clusters.””

IMS has been used for the study of several types of bare gas
phase species such as ionic clusters,”> metal clusters, metal
oxide clusters,”® etc. There have been a few attempts to study
the gas phase properties of ligand protected noble metal clus-
ters also in the last decade. Dass et al, conducted IMS
measurements on the well-known Au,5(SR)s.”” Baksi et al.,
identified structural isomers in the gas phase for Ag,4(SR);0.”®
They observed four distinct structural isomers of Agy,(FTP)30*"
(FTP is 4-fluorothiophenol) (see Fig. 7). Recently, Hakkinen
et al., showed using IMS that the well-known Au,5(SR);5 shows
topological isomers in both anionic and cationic forms.”® The
topological isomerism of this clusters are assumed to be due
to the rotation of the Au,; core of these clusters without break-

A ekt C)  AQu(FTP),*
MWWWMMT4

HW\

f"’!
il “”‘MW“H“”‘M»

W.HHMH‘\ VUL .Mm“w Uy

Peak 3

4 6 8 10 12

AQ(FTP),*

=)

R ..
MWWMWWWMMMWEM

2136 2139 2142

Peak 1 33%

Drift Time (milli secs)

o

Fig. 7 (A) Drift time profile of Ag44(FTP)so?~ (m/z 2140) showing four
peaks due to distinct isomeric structures with relative abundances of 33,
7, 12, and 48%, respectively (calculated from peak area). Calculated
structure of Ag44(SMe)zq is shown in inset (i). (B) Four well-defined spots
observed in m/z vs. drift time plot. Each spot gave the same mass spec-
trum as shown in (C), matching with the calculated spectrum of the
cluster. This figure has been reproduced from ref. 78 with permission
from the American Chemical Society, copyright 2017.
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ing any bonds in the metal-ligand interface.®® Therefore, high
resolution ion mobility mass spectrometry provides a way to
unravel surprising dynamics of ligand-protected metal

clusters.

Towards achieving atomic precision in other materials

In this section we discuss how analytical separation tech-
niques could be useful for making progress in achieving
atomic precision or zero-dimensionality in materials such as
chalcogenide quantum dots, zero-dimensional perovskites and
various forms of molecular nanocarbons.

Chalcogenide quantum dots

Quantum dots also have been prepared with a high polydisper-
sity in size. There have been attempts to size-separate
quantum dots using various techniques. Fujii et al., for the
first time, successfully separated Si quantum dots using poly-
acrylamide gel electrophoresis.®’ Song et al. used capillary gel
electrophoresis for the separation of CdTe quantum dots.®?
High performance size exclusion chromatography (HPSEC)
have also been used for the separation of Cd-based quantum
dots.®® Recently, Linkov et al., used SEC for the purification of
CdSe/ZnS quantum dots and their bioconjugates.®*

There have been efforts to synthesize atomically precise
chalcogenide quantum dots. Beecher et al., investigated the
transition from molecular vibrations to phonons in CdSe
quantum dots using Raman spectroscopy.®® Atomically precise
QDs such as  CdssSezpXzolsg, CdseSessXaslsy, and
CdgsSeseXs6Ls6 were prepared for this purpose (see Fig. 8).

CdgsSeseXsslss

Fig. 8 Three atomically precise, tetrahedral cadmium selenide QDs
possessing known formulas and discrete dimensions with edge lengths
ranging from 1.7 to 2.6 nm in size. The X and L type ligands are benzoate
and n-butylamine, respectively. This figure has been reproduced from
ref. 85 with permission from the American Chemical Society, copyright
2016.

16422 | Nanoscale, 2022, 14, 16415-16426

View Article Online

Nanoscale

Molecule-like  silver-chalcogenide  clusters  such  as
[Ag34S3SBB,o(CF;CO0)*" and Ag;55S,(SBB)s,, where SBB is
4-tert-butylbenzyl mercaptan were also synthesized.**%”

Perovskites: quantum dots and zero-dimensional structures

A typical 3D metal halide perovskite has a general composition
ABX; wherein A is a monovalent cation (Cs*, CH;NH;", etc.), B
is a bivalent metal ion (Pb>*, Sn**, etc.), and X is a halide ion
(Cl-, Br-, I-, etc.). Crystal structures of these perovskites
consist of a 3D network of [BXe¢]'~ octahedral units whose
corners are connected. The metal cations occupy the octa-
hedral voids. Photoexcitations produce excitons within the
individual [BXe]'~ octahedral units. The band gap and the
optical properties of these materials depend upon the connec-
tivity between the octahedral units. In a zero-dimensional per-
ovskite (see Fig. 9), the individual octahedra are not shared at
the corners and therefore, the optical properties largely reflect
the properties of the individual octahedra (though they have
large sizes).®® In a perovskite quantum dot, the size of the par-
ticle is smaller than the exciton diameter. These materials are
termed as perovskite QDs because they exhibit size-dependent
band gaps and optical properties, just as metal chalcogenide
quantum dots.** Umemoto et al, recently showed that the
monodispersity of peovskite QDs can be improved by Ostwald
ripening in their colloidal solutions.®

Graphene quantum dots

Graphene quantum dots (GQDs) are an emerging class of
carbon nanomaterials. GQDs can be viewed as small pieces cut
from a large, 2D sheet of graphene. GQDs are interesting
because of their size- and shape-dependent properties and
related applications.”® For example, photoluminescence of
GQDs has been attracting significant attention in the past few
years.”"* Typically, synthesis of GQDs produces a complex
mixture of GQDs that are highly polydisperse in terms of
length, width and the number of layers. A variety of techniques
such as dialysis,”® size-selective precipitation,”® gel column

chromatography,”® ultraflitration,” etc., have been used to
Confm ent
2Cs ®Pb '%fg
ANAAAAAS Laaaaaad  0-D perovskites
pp & %& &
® X=C|, Br, | ) )
W ;
reg:on
Perovsklte Qb 0-D PRM

Fig. 9 Schematic representation of two types of 0-D perovskites.
Perovskite QDs with general formulas of ABXs and size less than the
exciton Bohr diameter (represented by the circle) and 0-D perovskite-
related materials with spatially isolated octahedra in a bulk crystal
lattice. This figure has been reproduced from ref. 88 with permission
from the American Chemical Society, copyright 2018.
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Fig. 10 (a) The top row shows the optical images of aqueous suspen-
sions of GQDs 1-8 obtained under daylight lamp; the bottom row
shows the optical images of the aqueous suspensions of GQDs 1-8
acquired under UV/irradiation (302 nm) (GQDs-1/red, GQDs-2/orange,
GQDs-3/yellow, GQDs-4/green, GQDs-5/cyan, GQDs-6/light blue,
GQDs-7/blue, GQDs-8/purple). (b) PL spectra of GQDs 1-8 (the exci-
tation wavelength is 340 nm). (c) UV-vis absorption spectra of GQDs
1-8 (the spectra were normalized at 200 nm for comparison). This
figure has been reproduced from ref. 92 with permission from the Royal
Society of Chemistry, copyright 2019.

size- and shape-separate as synthesized GQDs (Fig. 10). Xue
et al., used an amine-assisted chemical cutting method fol-
lowed by ultrafiltration using membranes in order to produce
nearly monodisperse GQDs with uniform lateral size and layer
number.”*

Mohanty et al., developed a nanoscale cutting method (see
Fig. 11) using a diamond tip for the production of GQDs of
controllable sizes and shapes.” The advantage of this method
is that GQDs with predetermined sizes and shapes can be cut

Graphite
nanoblocks (GNBs)

Diamond kife =———p.

Graphene quantum dots

Fig. 11 (a) A descriptive sketch of the nanotomy process showing the
diamond-knife-based mechanical cleaving of HOPG block to produce
GNBs for GNR production. (c) Sketch of the two-step nanotomy process
to produce GNBs for GQD production. (b and d) GNRs and GQDs are
produced by exfoliating the corresponding GNBs in chlorosulphonic
acid (superacid). TEM micrographs of 30 nm GNRs and FESEM micro-
graphs of GQDs of different shapes (square, rectangle and triangle). This
figure has been reproduced from ref. 95 with permission from Springer
Nature, copyright 2012.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Review

from a block of HOPG by controlling the alignment of the
diamond knife and the graphite block. Such particles within
~10-100 nm can be obtained at a size resolution of 5 nm.

Carbon dots

Recently a class of materials called carbon dots have emerged
with interesting properties such as strong photoluminescence,
catalytic activity, chirality etc.”®® The structure and compo-
sition of such carbon-rich materials is ambiguous and the
origin of their properties is not yet understood clearly. Various
analytical separation techniques have been employed to purify
as well as size-separate these materials which is necessary to
unravel the mysteries behind the structure, composition and
properties of these promising materials.

DNA nanotechnology

Separation/purification techniques have played a tremendous
role in the advancement of DNA nanotechnology. Various tech-
niques, such as ultracentrifugation,'®® centrifugal filtration,
gel chromatography, electrophoresis,'®*'%* etc., were employed
for the initial purification of DNA nanostructures. These tech-
niques are also routinely employed in the synthesis of DNA-
nanohydrids with plasmonic nanosystems, quantum dots,
fluorescent metal clusters, etc. Importance of such methods in
DNA nanotechnology has been addressed in a review by
Mathur and Medintz.'*

Summary and future aspects

Analytical separation techniques played a pivotal role in unveil-
ing the fascinating size- and shape-dependent properties of
nanomaterials. A few of these techniques have been briefly dis-
cussed and it was shown how the separation techniques con-
tributed to the advancement of the field by presenting a few
selected types of nanomaterials. The demand for more facile
and efficient separation techniques with enhanced resolution
is increasing as researchers aspire to achieve atomic precision
in almost any type of nanomaterials.

Photophysical and photochemical investigations of many of
the nanosystems have been carried out using samples with
inadequate purity and poor monodispersity, and this can lead
to wrong conclusions. For example, broad photoluminescence
emission bands, occurrence of multiexponential luminescence
lifetimes, etc., in many fluorescent nanosystems (metal clus-
ters, carbon dots) might be due to polydispersity and
impurities.

Development of even more powerful separation techniques
for atomically precise metal clusters will further boost the
field. For example, techniques able to achieve separation with
single atom-precision (for example, a technique that could sep-
arate Au,s(SR);s and Au,4(SR);g) will be extremely useful.

Achieving atomic precision in the plasmonic size regimes
remains a challenge. Better separation techniques could help
in this regard to, at least, narrow down the polydispersity of
plasmonic particles.

Nanoscale, 2022, 14,16415-16426 | 16423
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Water soluble nanomaterials are more difficult to
separate compared to organic soluble materials. This is mostly
due to the necessity to accurately control the pH, ionic
strength, etc., of the samples and due to the strong adhesion
of particles to the separating medium. More facile techniques
are required to address the challenges on water-soluble
nanomaterials.

We may need to develop new materials to efficiently achieve
such separation, for example, new types of stationary phase
materials for size exclusion chromatography. These attempts
could lead to ‘atomic level sieving’ which will be helpful
toward achieving the ultimate goal of ‘maneuvering things atom
by atom’.

Methods for faster, and large-scale separation of chiral
metal nanoparticles, atomically precise clusters (chiral nano-
materials in general) are necessary as techniques such as
HPLC (which is commonly used for these purposes) provide
very small quantities of separated samples. Techniques such
as chiral TLC separation could prove very useful in metal
cluster chemistry.

We think that the investigations of biological effects and
applications of nanomaterials need to be conducted with
materials with better purity and monodispersity. We think that
‘every atom counts’ effects in biology need to be more systemati-
cally investigated with size- as well as shape-controlled
samples.

Atomic precision in materials such as quantum dots, gra-
phene quantum dots and other molecular nanocarbons, etc.,
is yet to be explored in this regard. The research on mole-
cular nanocarbons also demands for the efficient size- as
well as shape-based separation techniques.'® We believe
that just like metal nanosystems, molecular nanocarbon
materials would exhibit fascinating size- and shape-depen-
dent properties that could be discovered by preparing mono-
disperse samples with the aid of advanced separation
techniques.

We should keep in mind the possibility that even for a
given type of nanomaterial, multiple techniques may be
needed to ensure the purity and size- as well as shape-mono-
dispersity. There will be challenges specific to a given class of
nanomaterial in adopting separation techniques. We hope that
this article could trigger efforts to develop new strategies for
fast and efficient size- and shape-dependent separation of
nanomaterials.
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