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Abstract

This review presents an overview of size-exclusion chromatographic separation and
characterization of noble metal nanoparticles (NPs) and quantum dots (QDs) over the past 25
years. The properties of NPs and QDs that originate from quantum and surface effects are size
dependent; to investigate these properties, a separation technique such as size-exclusion
chromatography (SEC) is often needed to obtain narrow distribution NP populations that are also
separated from the unreacted starting materials. Information on the size distributions and optical
properties of NPs have been obtained by coupling SEC to detection methods such as ultraviolet-
visible and/or fluorescence spectroscopy. Problems associated with the sorption of NPs and QDs
onto various SEC stationary phases, employing both aqueous and organic eluents, are also
discussed here.
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1 Introduction

Nanoparticles (NPs) are particles of any shape having a size, in at least one dimension,
between 1 nm and 100 nm. Small NPs (< 10 nm), which are also referred to as nanoclusters
or nanocrystals, are defined as clusters of atoms with atom numbers ranging anywhere from
310 107. In theory, there are two ways to generate NPs: To cleave the bulk material into
nanoscopic material (although this is rarely done experimentally), or to condense atoms into
clusters and NPs. Due to the nanometer range size of NPs, their properties have features
representative both of atoms and of bulk solid- or liquid-state materials. The unique
properties of NPs originate from quantum effects and surface effects, both of which are size-
dependent. The investigation of quantum effects focuses on how electronic and structural NP
properties such as ionization potentials, binding energies, chemical reactivity,
crystallographic structure, melting temperatures, or optical properties vary as a function of
particle size. Surface effects are related to the fraction of the atoms at the surface of NPs. A
broader introduction to NP synthesis and properties can be found in various excellent books
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and review articles on the topic, such as the review by Roduner [1] and the book by Kreibig
and Vollmer [2].

Among metal NPs, gold (Au) and silver (Ag) NPs are the most widely studied due to their
numerous applications as sensors, nanocarriers, and in cosmetics [3-5], among others. The
applicability of these NPs stems from their visible absorption bands, straightforward method
of synthesis (with high degree of size and shape control), stability, biological compatibility,
and easy functionalization with various (bio)molecules. Nanocrystals composed of
semiconductor materials, and which exhibit quantum mechanical properties, are also known
as quantum dots (QDs) and include materials consisting of cadmium sulfide (CdS),
cadmium selenide (CdSe), cadmium telluride (CdTe), and zinc sulfide (ZnS). QDs have
applications in, e.g., biological imaging and labeling, lasers, light-emitting diodes (LEDs),
and solar cells [6-8]. Both metal NPs and QDs are usually stabilized or coated to prevent
aggregation and to modify their surface properties for targeted applications. The size of Ag
and Au NPs ranges from a couple of nanometers (nanoclusters) to several tens of
nanometers. In general, QDs are in the range of nanoclusters smaller than 10 nm.

As indicated by the first paragraph of this Introduction, many properties of both metal NPs
and QDs are size-dependent. Thus, study of the size-dependent properties of NPs requires
narrow size-dispersity, high purity samples. Generally, these types of samples are obtained
by fractionation of the bulk sample employing, most commonly, size-exclusion
chromatography (SEC). This review focuses on the SEC analysis of different metal NPs and
QDs by attempting to summarize the past 25 years of work in this area. During this period,
research on all aspects of NPs has increased tremendously. In addition to summarizing the
existent literature on SEC separation and characterization of NPs and QDs, our aim is to
discuss the challenges related to their SEC separation and detection. Because we intend this
review for a broad audience, before discussing the NP applications of SEC we give a short
introduction to this separation technique and to the associated detection methods employed
in NP analyses.

2 SEC instrumentation for characterization of metal NPs and QDs

2.1 General principles of SEC, column types, and mobile phases

SEC is a column liquid chromatographic technique commonly used for the separation of
macromolecules in solution. Usually, SEC columns are packed with small, rigid porous
particles of size ranging from 3 um to 20 um and pore size from 50 A to 107 A. SEC
separates molecules according to their size in solution or, to be more specific, their
hydrodynamic volume. The larger molecules in a sample elute before the smaller ones
because larger molecules either enter fewer pores or sample a smaller pore volume of the
column packing material (depending on whether the column is of a mixed bed or individual
pore size type). Unlike other chromatographic techniques which rely mainly on enthalpic
interactions between stationary phase and analytes, SEC is primarily an entropy-controlled
process; the separation is based on exclusion of the molecules from the pores of the SEC
stationary phase and ideally, no interaction between the analytes and stationary phase occurs
[9,10]. In practice, this entropic dominance is sometimes difficult to achieve and, as we shall
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see, the separation of two gold NPs with different shapes could be obtained only when two
mechanisms, size-exclusion and adsorption, were combined within a single separation.

SEC column stationary phases are commonly either polymer-based (e.g., styrene/
divinylbenzene) or silica-based. A wide selection of mobile phases (both aqueous and
organic, depending on the procedure employed for NP or QD synthesis) can be used with
either type of stationary phase. Indeed, many different combinations of SEC columns and
mobile phases have been employed for NP and QD analysis, as summarized in Table 1 (in
this review, for the sake of simplicity, SEC in aqueous solution will be referred to as
“agqueous SEC”, while SEC employing organic eluents will be referred to as “organic SEC”).
As can be seen in Table 1, both polymer- and silica-based columns (note that Nucleosil is a
silica column, whereas Nucleogel and PL/PLgel columns are polymer-based) are employed
in aqueous solution, whereas polymer-based columns are commonly used only with organic
solvents.

The most significant challenge in the SEC analysis of metal NPs and QDs is their adsorption
to the column packing material. Adsorption can cause several problems in SEC analysis of
NPs and QDs. Firstly, if adsorption occurs, due to incomplete analyte recovery (i.e., the
amount of material that elutes from the columns is less than the amount injected), results
will not be quantitative. Secondly, the hydrodynamic diameters obtained by the calibration
of column(s) using size standards will be biased, because of the shift in retention volumes
caused by analytes interacting with the column stationary phase. Researchers have attempted
to overcome these adsorption problems by employing columns with large pore size (small
surface area) and by modifying the mobile phase with additives that reduce the enthalpic
interactions between the NPs and the column stationary phase. As can be seen in Table 1,
mobile phase additives include surfactants, molecules that have been used as coating/
stabilizing agents for the NPs, and modifiers containing the cations from which the NP is
composed of (e.g., cadmium perchlorate for the analysis of CdS).

2.2 Detection

As can be seen in Table 1, all SEC studies on metal NPs and QDs employ ultraviolet-visible
(UV-Vis) spectroscopy (either single- or multiple-wavelength) as a detection method. For
example, Au NPs have a surface plasmon band at 520 nm, hence the commonality of this
wavelength for detection of these NPs. In addition to UV-Vis, other detectors employed for
NP detection include differential refractive index (DRI), fluorescence (FL), and conductivity.
Because the sensitivity of DRI is rather low compared to that of UV, the latter has mainly
been employed for detection of NPs, whereas the former has been useful in detection of
residual non-absorbing chemicals from the NP synthesis. FL detection has been used in the
investigation of NP and QD photoluminescence, as we shall see in the following sections.
Transmission electron microscopy (TEM), which is the most common size-determination
technique for NPs and QDs, has been used off-line from SEC, to determine the sizes of each
of the fractions eluted from the chromatographic column. In some cases, size results from
TEM were compared to results from SEC obtained by calibrating the columns using well-
characterized size standards (either NP standards or polymer-based standards). Results from
these comparisons are discussed in Sections 3 and 4.
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3 Aqueous SEC of Au NPs and QDs
3.1 Gold nanoparticles (Au NPs)

The majority of research on aqueous SEC of metal nanoparticles has been conducted using
Au NPs. The first reports on the SEC characterization of colloidal Au NPs were published
on 1993 and 1994 by Siebrands et a/. [11] and by Fischer and Giersig [12]. Those studies
demonstrated for the first time how SEC can be employed for the separation and size
characterization of Au NPs with a size range of 2.9 nm to 20 nm. A plot of the logarithm of
particle size (as determined by TEM) as a function of SEC elution time was linear,
supporting the notion that the NP separation was based on a size-exclusion mechanism. The
SEC columns used in those studies had a large particle size, ranging from 15 pm to 25 um
(Nucleosil 500 and Nucleosil 1000 C4, respectively), because it was found that Au NPs
adsorbed irreversibly onto silica columns of particle size lower than 15 pm. Already we see
that the first studies on aqueous SEC of Au NPs indicated the existence of the adsorption
problem that has hindered the widespread use of SEC for accurately characterizing NPs in
aqueous solution.

Aqueous SEC was also used by Wilcoxon et a/. [13], who employed SEC coupled with UV-
Vis and fluorescence detection to purify small gold nanoclusters and investigate their
photoluminescence. Novak et al. [22] used SEC/UV (Ag = 525 nm) for separating
phenylethynyl-bridged Au NP dimers and trimers from excess monomer particles. The sizes
(or more precisely, the aggregate type and proportion in each separated fraction) of the SEC-
separated Au NPs were determined off-line, using TEM. Before attempting the separation of
these NPs, the SEC system was tested by injecting a mixture of pure 10 nm, 20 nm, and 30
nm Au NPs and a mixture of 10 nm and 30 nm Au NPs onto the columns. The 30 nm
particles were meant to mimic the trimers of 10 nm-sized monomers. The resolution
between 10 nm and 30 nm particles was 0.8. This resolution was higher than that obtained
when injecting the phenylethynyl-bridged Au NPs, where a resolution of 0.5 was measured
between monomers and trimers. This difference in resolution is not surprising, given that the
monomeric components in the trimers are arranged in a triangular, rather than straight line,
fashion, where the former geometry occupies a smaller hydrodynamic volume than does the
latter. In the separations, two silica-based SEC columns (500 A and 350 A) were used in
series with 40 mmol L~1 sodium dodecyl sulfate (SDS) in water as mobile phase.

The majority of papers on aqueous SEC of Au NPs has been written by Wei and Liu, and
Liu [14-21,23,24,42]. These authors’ early work focused on finding the analytical
conditions for separation of Au NPs and gold nanorods [14-16]. In said studies, different
mobile phase additives (in water) were evaluated to find an eluent that would prevent the
irreversible adsorption of Au NPs (citrate stabilized and hexadecyltrimethylammonium
bromide (CTAB) stabilized) to the SEC column packing material. The mobile phase
additives tested included SDS, an anionic surfactant, at varying concentrations; a mixture of
SDS and Brij-35, a neutral surfactant; sodium chloride; and sodium citrate. For the
separation, both a polymer-based (styrene/divinylbenzene) and a silica-based column were
evaluated. The authors found that, when either NaCl or sodium citrate were used as mobile
phase additives, the Au NPs both aggregated with themselves and adsorbed onto either
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column packing material. The addition of surfactants appeared to enable the separation of
Au NPs on both types of column. According to the authors, SDS acted to prevent adsorption
of the analytes onto the columns by both increasing the negative charge of the packing
material and by changing the charge of the NPs from positive to negative. Adsorption is thus
prevented by charge-charge repulsion between analyte and stationary phase, i.e., through
ion-exclusion effects. Conversely, Brij-35 was added to increase separation resolution
between the spherical and rod shaped analytes. It was postulated that the neutral Brij-35
replaced some of the charged SDS on the NP surface, decreasing the negative charge on the
NPs and, thus, leading to a controlled increased adsorption of NPs onto the stationary phase
in a size- and/or shape-dependent manner. The separation process was thus believed to be
governed both by size-exclusion and adsorption mechanisms (Figure 1). In all of these
studies, elution of Au NPs was monitored employing UV-Vis detection; it should be noted
that observations regarding Au NP elution using various SEC analysis conditions were based
on the differences in UV peak areas. Thus, the results obtained from all studies were only
qualitative; the absolute Au NP concentrations eluted from the columns were not
determined. The sizes of Au NPs used in these studies were determined using TEM.

Later studies from the same group report the use of aqueous SEC for separation and size
characterization of Au NPs synthesized using various procedures [17,18,24]. SEC was also
employed for stability studies of Au NP solutions [19-21]. A polymer-based (styrene/
divinylbenzene) column and 10 mmol L1 SDS mobile phase were used in all of these
studies. Size information on the studied Au NPs was obtained by calibrating the column
using commercial Au NP standards with known diameters ranging from 12 nm to 79 nm.
The elution of Au NPs was monitored using UV-Vis detection at Ao = 520 nm, which, as
mentioned earlier, is the surface plasmon band of spherical Au NPs.

3.2 Quantum dots (QDs)

Although aqueous SEC, in the context of metal NP characterization, has mainly been
employed for Au NPs, it has also been used for separation of polyphosphate-stabilized
semiconductor particles of CdS [12,25-29] and ZnS [27]. The relatively short SEC analysis
time enables characterization of rapidly growing colloidal species in solution, and allows
studies on the stability and growth mechanism of semiconductor particles. For SEC analysis
of these particles, the eluent contained both polyphosphate (also used as stabilizer of
semiconductors in solution) and either cadmium perchlorate (for CdS) or zinc perchlorate
(for ZnS). Narrow dispersity CdS and ZnS particles, the diameters of which were
determined using TEM, were employed to calibrate the SEC columns with respect to
particle diameter.

Although SEC was successfully employed for separation and size characterization of
semiconductor particles in agueous solution, concentration-dependent adsorption of NPs
onto the SEC columns was observed, as indicated by a comparison of the UV peak areas
obtained using different CdS concentrations [28]. It was found that the adsorption problem
was more severe when NP concentration exceeded a certain molarity (>5 mmol L™ for
CdS). In addition to adsorption, at CdS concentrations higher than 5 mmol L1 retention
times increased due to a decrease in the thickness of the electrical double layer surrounding
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the NPs. It should be noted that the adsorption phenomenon was found to be both
irreversible and reversible, with the latter recognized by an increase in baseline drift as a
function of elution time, ascribed to the release of semiconductor particles adsorbed onto the
stationary phase. This adsorption activity was shown to be lower when the stationary phase
was already coated by CdS (i.e., after several injections of a QD sample onto a new column)
than for columns with an uncoated stationary phase.

In a later study, Trapiella-Alfonso ef a/. characterized CdSe and CdSe/ZnS QDs using a
Superdex 200 SEC column [30]. Detection techniques included UV-Vis, FL, and inductively
coupled plasma mass spectrometry (ICP-MS). Element- specific ICP-MS detection allowed
determination of column recoveries (see Section 5 for further discussion of this last point).

4 Organic SEC characterization of NPs

4.1 Gold and silver nanoparticles (Au and Ag NPs)

In the first report on the use of SEC in organic solution for Au NP analysis, the
photoluminescence of small Au nanoclusters synthesized in inverse micelles was studied by
SEC coupled to photodiode array (PDA) and fluorescence detectors using tetrahydrofuran
(THF) as eluent [13]. Later studies of Wilcoxon ef al. [31-34] include the purification and
investigation of the size distribution, optical properties, and stability of Au and Ag
nanoclusters with SEC in toluene containing 0.01 mol L1 dodecane thiol. In these studies,
the columns were calibrated for hydrodynamic radius (~Ry) using polystyrene standards and
linear alkanes. As pointed out by the authors [31], the benefit of SEC over TEM as a size
determination method for metal nanoclusters is that, by SEC, the total cluster size is
obtained (core + shell), whereas TEM sees only the inorganic core. By using both
techniques, SEC and TEM, the size of the shell can be estimated by subtracting the core size
obtained from TEM from the total cluster size obtained from SEC. An overlay of the SEC
chromatograms of Au nanoclusters with different alkanethiol capping agents (CgSH, C1oSH,
C14SH) is shown in Figure 2. The size of the Au core was 2.0 nm, as determined by high
resolution TEM. The sizes obtained for alkanethiol shells varied slightly depending on the
SEC column used (PL 1000 or PL 500). In general, the sizes determined with SEC were
consistent with the assumption that every 4 carbon atoms added contribute an ~8 A increase
in size to an alkanethiol.

Because the low resolution of conventional SEC can limit its applicability in nanomaterial
separations, where the size difference between closely eluting species is very small, Al-
Somali et al. [35] employed alternate-recycling SEC (also known as recycle SEC; see
Section 15.3 of ref. [9]), which improved resolution in the separation of Au NPs capped with
alkanethiols as compared to conventional SEC. In alternate-recycling SEC, the eluate from
the first SEC column is directed to a second column (identical to the first one) via a low-
volume, high-speed valve. The eluate from the second column is then transported back to the
first column. This recycling process increases the effective column length and, thus,
increases the resolution of species with only a small size difference between them. Figure 3
demonstrates the increase in resolution as a function of increasing cycle number obtained in
alternate-recycling SEC. The resolution of individual species in a broad dispersity Au NP
sample clearly increases as a function of cycle number. This can be seen by comparing
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Figure 3a), in which the SEC chromatogram of a Au NP sample is shown after the second
cycle, to Figure 3b), in which an SEC chromatogram of the same sample is shown after
cycle number 8. Also seen in Figure 3b) is that the chromatograms from four injections
overlay nicely upon one another, indicating that the recycle SEC system is both stable and
reproducible for this Au NP sample at the analysis conditions used. Figure 3c) shows how
resolution improves with increasing cycle number.

To date, the only report on the SEC characterization of Ag nanoclusters appears to be that by
Wilcoxon et al. [32]. Ag nanoclusters were prepared by an inverse micelle technique in
organic solvents and separated with SEC using 0.01mol L= dodecanethiol in toluene as
eluent. The aim of the study was to compare differences in the optics of Au and Ag
nanoclusters arising from the different energies of the inter-band transition onsets of these
two metals. The spectra of separated nanoclusters were recorded with a PDA detector, and
the sizes of the Ag nanoclusters were obtained using the same calibration curve, constructed
with linear alkanes and polystyrene standards, as described in the previous section for the
size determination of Au nanoclusters. Results showed how both broadening and red shift of
the absorbance spectrum occurred for Ag nanoclusters with decreasing cluster size, while for
Au nanoclusters broadening was accompanied by blue shifting as a function of decreasing
cluster size.

4.2 Quantum dots

The first studies on SEC of semiconductor particles in organic solvents date back to the early
1990s, when the first report on the separation of CdS nanocrystals was published by Fischer
et al. [27]. There, it was demonstrated that SEC of CdS QDs stabilized with alkanethiols, in
THF containing 1 mmol L= Cd(ClOy4), + 1 mmol L1 dodecanethiol, is feasible. Later
studies by Wilcoxon and Provencio [37], Wang et a/. [39], and Kruger et a/. [36,38] have
shown how SEC reveals various characteristics and size-dependent properties of CdSe and
CdSe/znS core/shell nanocrystals, as described below.

Wilcoxon and Provencio [37] used SEC in THF employing three on-line detectors,
fluorescence, diode array detection, and differential refractometry, for separation of both
CdSe and CdSe/ZnS QDs and to investigate their size-dependent optical and chemical
properties. SEC column calibration was not used for determination of hydrodynamic size,
contrary to what had been done in earlier studies on Au NPs by this group, due to specific
chemical interactions between the QDs and the column material (styrene/divinylbenzene),
interactions which violated the ideal SEC separation mechanism. Rather, off-line dynamic
light scattering (DLS) was used for size determination of CdSe and CdSe/ZnS QDs.
Although size could not be determined directly by SEC, chromatographic analysis allowed
isolation of the discrete size populations present, with the various on-line detectors
providing insight into the optical properties of the individual fractions.

Krueger et al. [36,38] were able to employ SEC with toluene containing 0.1 mol L2
trioctylphosphine for the hydrodynamic size determination of polystyrene- and alkythiol-
coated CdSe nanocrystals. Polystyrene standards were used for size calibration of the SEC
column. Sizes were also determined with TEM, with results from both methods consistent
for nanocrystals with sizes ranging from 2.5 nm to ~4.0 nm. The successful SEC
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separation of alkylthiol-coated CdSe nanocystals, however, required complete capping for
both Cd and Se atoms to eliminate particle-column interactions. An additional aim of this
study was to investigate the change in the length of polystyrene chains when attached to
CdsSe versus unbound [36]. It was found that polystyrene linked to a metal core at full
coverage (full coverage was defined by the maximum NP size measured by SEC) assumes a
brush conformation and is 44 % longer than is the unbound polymer in solution. Figure 4a)
illustrates how the total hydrodynamic diameter (HD) is defined as the sum of the core
diameter (D.) and two shell thicknesses (Tsher)- As mentioned earlier, the core diameter can
be determined by TEM, while SEC is capable of separating QDs based on the length of the
capping agent (Figure 4b). As seen in Figure 4c), the hydrodynamic sizes obtained by SEC
are consistent with the values calculated by adding the core diameter to the shell thickness
values obtained from the literature.

Wang et al. [39] used SEC for separation of CdSe nanocrystals from the excess polymer
(unbound poly(dimethylaminoethyl methacrylate) labeled with pyrene) used as coating
material for nanocrystals. They were also able to quantify the amount of polymer that was
bound to the nanocrystals. The polymer was analyzed by SEC at different concentrations
and the peak areas of each run were recorded using a UV detector. For construction of a
calibration curve for determination of polymer amounts, UV peak areas were plotted against
concentration. This curve was used to determine the amount of free polymer (which was
completely separated from the nanocrystal bound polymer) in a nanocrystal solution. Also,
the amount of bound polymer (both concentration and average number of polymer chains
bound to each CdSe particle) could be determined.

In addition to cadmium-based semiconductors, organic SEC has also been employed to
characterize Pd nanocrystals [41], by focusing on the structure and stability of nanocrystals
coated with alkanethiols of varying chain lengths. The hydrodynamic sizes of the
nanocrystals were determined by calibrating the SEC column using polystyrene standards.
The core diameters were determined by TEM.

As reported by many authors who have employed SEC for separation of NPs, analyte
adsorption onto the SEC column packing material (induced by the high surface energy
density of NPs) has been the most restricting factor contributing to the use of SEC in NP
characterization. To overcome this problem, Arita ef a/. [40] synthesized a poly(methyl
methacrylate) brush stationary phase immobilized onto silica which showed good column
recovery (measured by comparing the DRI peak areas with and without the column) for
CeO, NP and Qdot samples analyzed in THF. The separation performance was monitored by
analyzing the eluted SEC fractions with TEM. The size-based separation was successful for
both the CeO, NPs and the quantum dots. The experiments were successful in
demonstrating the absence of strong interactions between the column packing material and
the NPs and QDs.
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5 Challenges and future prospects for SEC characterization of NPs and
QDs. Comparison to other separation methods

As stated in the various literature references summarized in the section above, the most
significant challenge in the SEC separation and characterization of NPs and QDs is their
adsorption onto SEC stationary phases. A good laboratory practice in SEC is to measure
(and report) column recovery, to assure that results are quantitative. Much to the contrary,
however, column recoveries were reported in only one of the papers discussed in this review
[30]. The reason behind this omission is probably the fact that quantitatively measuring NP
and QD recovery from the column is not a straightforward task, due to difficulties related to
the accurate determination of NP concentration in the eluate. It is well-known that UV-Vis
spectroscopy can be used to determine concentration. If concentration is determined by
measured absorbance, the molar absorptivity at the wavelength used needs to be known.
However, molar absorptivity for metal NPs and QDs increases with increasing NP size [43]
and, thus, a single value for molar absorptivity cannot be employed to calculate the
population concentration in the UV-Vis peak of a disperse sample. Comparison of UV peaks
can still be useful, however, by providing qualitative information on the recovery (e.g., by
comparing peak areas obtained using different concentrations of mobile phase modifier).
While most spectroscopically-based detection methods (such as UV-Vis) fail with respect to
determining the absolute concentration eluting from the column and, thus, quantifying
column recovery, ICP-MS can be used for concentration determination by element-specific
detection. Currently, the coupling of SEC to ICP-MS is rarely employed for the
characterization of metal NPs and QDs [30, 44]. However, given the relative success with
which other separation methods such as field-flow fractionation (FFF) [45] and
hydrodynamic chromatography (HDC) [46—-48] have been coupled to ICP-MS for the
characterization of metal NPs, hyphenated SEC/ICP-MS experiments would appear to hold
great potential in this respect [51-58].

SEC is generally, and most often, employed in the characterization of macromolecules, both
synthetic and naturally occurring. Determination of molar mass (the molar mass distribution
of a sample as well as its molar mass averages) is probably the most common application of
SEC in polymer analysis. Molar mass can be determined by calibrating the columns using
molar mass standards (ideally, with identical chemical composition and architecture as those
of the polymer studied) or by using a static light scattering (SLS) detector together with
concentration-sensitive detection (usually UV or DRI). Multi-angle static light scattering
(MALS) detection can also be used for determination of size in the form of radius of
gyration (Rg), a parameter which is usually more significant in NP characterization than is
molar mass. Radius of gyration can be obtained from the angular dissymmetry of MALS
data. There are, however, limitations in the use of SLS (including MALS) in NP
characterization. Size from MALS cannot be determined for small particles (<10 nm) such
as QDs, because light scatters from small particles approximately equally at all angles and
thus the angular dissymmetry needed for R determination is lacking (i.e., QDs are near-
isotropic scatterers). Additionally, metal NPs and QDs are strongly light absorbing and,
consequently, weakly light scattering. This can affect the signal-to-noise ratio in light
scattering when the total mass of injected NPs is low. Quasi-elastic light scattering (QELS),
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which is also known as dynamic light scattering (DLS), can be used as an alternative to
MALS in the determination of molecular size, in the form of /4. The advantage of QELS
over MALS is that QELS is capable of measuring sizes that are below 10 nm. QELS (as well
as SLS) can be used both in off-line batch mode or on-line, coupled to separation
techniques. To date, neither SLS nor QELS have been coupled to SEC to characterize metal
NPs and QDs. As was the case for ICP-MS, however, both these detection techniques have
been employed together with FFF for the size determination of separated NP species
[52,56], such that coupling to SEC appears promising.

As regards other separation methods, analyte resolution in SEC is generally superior to that
in flow FFF which, in turn, has generally better resolution than does HDC. The main reason
for this relative ranking is the plate number A achievable by each separation method. While
plate numbers in SEC experiments are much smaller than in techniques such as reversed-
phase liquid chromatography, they are substantially larger than in flow FFF methods.
(Within the family of flow FFF techniques, hollow-fiber flow FFF [47] achieves higher plate
numbers than does asymmetric flow FFF [45,51-57] though, in both cases, AV/are much
lower than in SEC). The ability to employ cross-flow gradients in flow FFF does mean that
Nin these methods is generally larger than in packed-column HDC, where the main
parameter governing plate number is the size of the column packing particles. A thorough
discussion of resolution in SEC can be found in references [9] and [10], while resolution in
asymmetric flow FFF is discussed in reference [45] and resolution in HDC in reference [48].
SEC has also been found superior to both HDC and flow FFF with respect to analyte
recovery, in the case of HDC due to column sorption issues, in FFF due to an open channel
(or open fiber) design which generally precludes 100 % analyte recovery. An additional
advantage of SEC and HDC over FFF is the need for specialized instrumentation and a large
capital outlay to perform the latter, whereas the former employ instrumentation common to
most liquid chromatography laboratories.

In an almost unique comparison among techniques, in 1981 Yau and Kirkland contrasted
SEC and HDC to time-dependent exponential force-field sedimentation FFF for particle and
ultra-high molar mass macromolecule analysis [59]. The authors found that this particular
FFF method had a 5- to 10-fold better resolution than did SEC and a 10- to 50-fold better
resolution than did packed-column HDC. For a discussion of how other separation
techniques such as density gradient centrifugation and analytical centrifugation can be
contrasted, at least in theory, to chromatographic and FFF methods, the reader is referred to
chapters 6 and 8 of reference [60]. More recent discussions of analytical ultracentrifugation
of nanoparticles are also given in references [61] and [62]. A novel nanoparticle
characterization method was recently introduced, namely electrical asymmetrical flow FFF.
The underlying principles and instrumentation, along with application examples, can be
found in reference [63] and in the supporting information accompanying that paper.

6 Conclusions

Over the past 25 years, SEC has been employed to fractionate a variety of Au NPs, Ag NPs,
and QDs. Because many NP and QD properties are size-dependent, a separation technique
such as SEC is often needed to obtain NP populations with a narrow size distribution. SEC
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experiments provides valuable information on the properties of NPs and QDs, including
size, optical properties, and stability, and can also be employed for the purification of NP
solutions. The most significant challenge in the SEC analyses of NPs and QDs, in both
aqueous and organic solvents, is analyte adsorption onto the column stationary phase.
Although some stationary phase/mobile phase combinations have been found to work better
(less adsorption) than others, for most metal NPs and QDs the adsorption problem remains.
Size information from SEC analyses has commonly been obtained by calibrating the
columns with well-characterized standards. However, these results are not quantitative if
adsorption occurs. Results can also be biased if reversible adsorption occurs, and/or other
non-size-exclusion effects are present during the separation. At present, the door remains
open for different detectors, such as SLS, QELS, and ICP-MS, to be used in conjunction
with SEC to generate size information without column calibration, information on elemental
profiles, and quantitation of column recoveries. The already successful coupling of these
techniques, for the purposes of NP and QD characterization, to FFF and HDC, makes them
both attractive and promising as SEC detectors for the types of analyses discussed in this
review.
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CTAB cetyltrimethylammonium bromide
DLS dynamic light scattering

DRI differential refractive index

FFF field-flow fractionation

FL fluorescence

HDC hydrodynamic chromatography

ICP-MS  inductively coupled plasma mass spectrometry
LEDs light-emitting diodes

MALS multi-angle static light scattering

N plate number

NPs nanoparticles

PDA photodiode array detector
PEG polyethylene glycol
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Figurel.
Effect of mobile phase additives on the SEC separation of AuNPs with different shapes

(nanorods, detected at Ao = 920 nm, solid line (1) in the chromatogram, and spherical,
detected at Ag = 520 nm, dashed line (2) in the chromatogram). (A) H,0, (B) 40 mmol L1
SDS, and (C) 40 mmol L~ SDS and 30 mmol L1 Brij-35. Reprinted with permission from
reference [15].
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Figure2.
Effect of alkylthiol capping agents (C¢SH, C10SH, C14SH) on the SEC retention time of Au

nanoclusters. The absorbance at 520 nm from the PDA versus elution time is shown. The
size of the clusters was obtained by calibrating the column with polystyrene standards.
Reprinted with permission from reference [31].
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Figure 3.

Alternate-recycling SEC chromatograms of a broadly dispersed Au NP sample. (a) A
chromatogram of cycle 2, (b) four overlaid chromatograms of cycle 8, and (c) the evolution
of the data as a function of cycle number. Reprinted with permission from reference [35].
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Geometric model of total hydrodynamic diameter (HD) of NP. (a) The HD is calculated
from core diameter (D) and surface-coating thickness (Tgheyr)- (b) SEC detects the retention
time difference in capping agent length between CdSe nanoparticles coated with 1-hexane
(Cs), 1-dodecane (Cqy), and 1-octadecane (C4g) thiol (SH). (c) The hydrodynamic diameter
of the coated NPs determined from SEC (HDggc) is compared to expected values for 3.6 nm
CdsSe core plus literature values for the shell thickness (HDcay c). The line slope is set to 1.
Reprinted with permission from reference [36].

Trends Analyt Chem. Author manuscript; available in PMC 2017 June 01.




Page 20

Pitkénen and Striegel

(JaamoegnUEBW BY)

Ag pauIwIslap Jelawelp) (sas)
[rel SANNY [e12J8WWo) (wu 0zs = %) sIAAN Sds ;-1 Joww 0T (196eN-A18y2eIN) 8-09 D49 [9603]oNN 119Ys/2109 1d/nv
(JanoeinueWw ayy
Aq paulLwIalap Jalawelp) (sas)
[ez'6T] SANNY [e12J8WwWoD (wu 0zs =) sIAAN Sas ;-1 Joww 0T (196eN-A13y2eIA) 8-09 D49 [9603]oNN 119Ys/2109 pd/nv
(aul ‘yoayIv) y 0S€E (ore10)
[z2] (wu 525 = %) sSIN-AN Sas -1 loww o pue \ 00§ ‘SUWIN|0d Dd9 84aydsoloiw eoIfIS SIaWiL pue siswip dNNY pabprig-JAuAyisjAusyd
(Janoeinuew ayy
Aq paulwiaiap Jsjswelp) (aye1m19)
[tz-.1] SANNY [e1dJ8Wwo) (wu 0zs =) sIAAN Sas ;-1 Joww 0T (196eN-A13y2eIA) 8-09 D49 [9603]oNN ny
Sds ;-1 loww 0§
'SAS ;-7 loww GT ‘(pauiodau
SaIpnls INJL slededss ul 10U pasn S UOIRJIUIIU0D)
punoy sem [ab ealjis paddes-819 |O€N ‘eJeJid wnipos ;_7 joww (19beN-A1ayoeN) azis (a104210)
[o1] uo sdNNY Jo uondiospe ay | (wu 0zs = %) SIAAN 0 '87eJ319 WNIPOs ;_7 [oww § ajoned wrl /7 pue azis aiod wu QQT ‘[1S09]9NN ny
sdNNy padeys-pou
pue [eoLiayds Buieredas uaym Ge-lug
uonnjosas 1saq aneb ge-lug 1 1-1 Joww og + SAs {71 loww (avLo)
[s1] Joww og +Sds ;-1 loww o vad 0¥ ‘SAs ;-1 loww Oy ‘O°H (19heN-A18ydeN) 8-000T D49 [80sjoNN ny padeys-poJ pue [earlayds
(uwnjoo )
ay) Buneiqied usym osfe pasn) (1a1moegnUEW 3y} SAS ;-1 10Ww 08 'SAS
saseyd ajIqow palsel ay) wiolj | Aq paurwiaiep Jerawelp) 1-7110WW G 'SAS -1 [oww (eream10)
1] 301040 ,sIoyIne SAs -1 [oWw § SdN NV [e1aJawwo) vad 1'SAS -1 loww T°0 ‘O°H (19beN-A18y2RIN) 8-000T D49 19608[9NN ny
9ouadsaulwnjojoyd
dNNY J0 uonebnsanul (wuoge =
Joud sanundwi woiy SANNY sapll eyooesAjod | X8 ‘WU vy = W) 14 pue (a1e4210)
[eT] 40 uoiyesedas 1o} pasn H3S '93d [e1dswwo) (wu 526 = %) sSIAAN O%H (oho1) 000EMSL ny
(196eN (erem2)
[z1] vdd 9JEL}O WNIPos ;7 Jow ¢_0T -K18y2eIN) #0 000T |1SOBJONN + 00 11S03|9NN ny
(WaL
Aq paulwialep Jarawelp) |obeN (s101110)
[t1] SdN NV pazisayjuAs vad SJeIHD WINIPOS 177 [0W ¢ 0T | -AI9YdeIN) ¥O 000T I1SO3JONN + 00G 11S03]NN ny
uolnjos snosnbe Ul HD3s
uol
Teuiw PP
azss 1o}
prepuels
(93] uole.qied u (S)uwnjoo (qusbe Buiddes; Bzi|1qes)
oue PRy ) feway uwniod oneied wen|3 o3s apliedoueu el N
'SAd pue SdN [e18W JO uolleziialoeseyd pue co_umhmamm 10j pasn >mo_o_uo_.tmE 23S
T3lgqel

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2017 June 01.



Page 21

Pitkénen and Striegel

14a

(uoneiodio) splepuels

aualAd yum pajace| (arejA1oeyiaw jAyrsoutweAyiawip)

[6€l ‘(Wu gye = %) SIN-AN auoutptjoukd-z-jAyisw-n/ IawAjod Uednawy) G/reaul [99 NV Ajod jo puebi| e yum aspo
O3S [eUOIIUBAUOD 0} auan|o} ul (sjo1pAye)
[se] uonippe ui pasn 93 Buljokosy spaepuess suaifisAjod SIAAN | auydsoydiAoon 17 jow T°0 (sauioyeloge] JawAjodaus|iby) OTTT 1961d aspo
s|ealwayd Bulgiosge (sa1i0ye100R ] (saurydsoydjAye)
[2€] -uou 32819p 0} pasn sem [4a 74 '1¥a ‘'vad dHL JawA|odpua|iby) 000T-1d 40 05-T1d aspo
4H1
U1]01Yy18UBI3POP 1_7 oW (1beN (lo1y18uea8pOp)
[22] vad T +4"010)PD -1 loWw T -A13U2eIN) 00OT [1S03]9NN + 00S [1S03]9NN spo
s[eaiwayd Buigiosqe
-UoU 8y} WwoJy pajesedas alam
SdNBV Tey: pue abreyd ou pey
SdNBYW 1ey) sjesisuowsp 0} pasn spJepuels auaiAisAjod Annnonpuod ‘4@ auanjoy aulydsoyd|A10011/8p1I0JYd WnjuOWWEe|A100e.118)/3pIWO0Ig WNluowWwe|A1o0el)sl)
[zl uoI39339p ANAIINPUOD PUE [¥A pue saue>j|e Jeaul] ‘(wu oy =) wvad | ulloly} 8uedspOp 17 |OWT00 (sauoreloge] sswAjodaus)iBy) 000T-1d %
(pa1eod auaifisAjod)
[o€] spJepuels sualfisAlod | 14a ‘(wu G0S = %Y) vad auanjoL (sauioyesoqen] sswAjodaua|iby) OTTT 19671d ny
D3S [BUOIIUBAUOD 0} (pay10ads 1¥a (Jo1y18URIBP/|01YIBUEII0EIISY/|OILIBUBIDPEII0)
[sel uonippe ui pasn O3S Buljpkosy | 1ou) sprepuess JawAkjod ‘(wu 028 = %) SIAAN auanjoL (sauioyeloge] JawAjodaus|iby) OTTT 1961d ny
s[eaiwiayd Buigiosgeuou
3y} Woly pareledas alom
SdNNY Yeys pue abieyd ou pey
SINNY 18y} alesisuowap 01 pasn spaepuels auaifisAjod Annionpuod ‘1ya auan|o} (sar01BI00E ] (s101y31/41e SnoLsen)
[re-1el uonas1ep ANAIINPUOD pue 14a pue ssuejje JesulT] ‘(wu 0zs = %) vad uljoryiauedspop 11 [oWT0'0 JawAjodpaua)iby) 00S-1d 410 000T-1d ny
(wu 00g
= X9 'Wu 0§ = wa) 14 (jouexauy/apiiojyd wniuowweAyraw|A23pop1l)/aueldo)
[eT] pue (wu ozs = %) vad dHL (sauioeloqeT] JawAjodaus|iby) 00G-1d ny
JuaA|os o1Uef Jo Ul O3S
(1awAjod anydiydwe)
o€l pauodal saliaA02al UWN|0D SIN-dDI T4 'SIAAN | ¥°2 HA “®ODHPHN -1 [ow T'0 (s32ua19S 84177 a4edYIRSH J9) 002 XapJadns 118Ys/2400 Suz/espd
(4awAjod a1ydiydwe)
[ogl pauodal Sa1IaA0231 UWN|0D SIN-dDI T4 'SIAAN | 7L HA CODHYHN -1 Jow T°0 (sa2us19S 8417 B4edYIREH J9) 002 X8psadns agpo
(WaL dsoud
Aq pauIWIS1ap JalaWelp) djeydsoydelswexay ¢ jow (1abeN-A1ayoe) (areydsoydAjod)
[22] Suz Ausiedsip moureN vad | 0T +¥FOI0)uZ 17 Iow ¢-0T 2 000T [1S03[9NN + D 00G [1S08|2NN suz
(WL ajeydsoydelswrexay
Aq pauIW.Ialep JajsWelp) 1-110W e 0T + (19BeN-A19y2eIA) (ereydsoydAjod)
[6z—sz'zT] SpD Ausiadsip molieN vad ¥("012)PD -1 Iow ¢_0T 0 000T [1S08JONN + ¥ 00§ |1S08|oNN Spo
uol
Teulw opp
azis Io}
p repues
)P uolireqifed u (s)uwnjoo (yuebe Buiddeo; lozi|iges)
oW Py sy leway uwnjo) o191 uen|3 23S a1 edoueu e N

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2017 June 01.



Page 22

Pitkénen and Striegel

(118ys/2109) SUZ/213SPD

S1 502 10pQ pue (J|ays

/8109) SUZ/3SPD SI G5 10pO
sloyine Aq

pazisayiuAs sem aseyd Areuonels

71508-4 X3poys
Pue 71€08-4X1 X3apoys/suunjod yyijouow edijIs

[ov] ysnuq aejAioeyiaw |Ayiaw)Ajod 14a 4HL1 pazijigqowwi ysnig arejAioeyiaw jAyrew)Ajod GOL pue GG giopd
(P17 -0D (Jo1y18URIBPEX3Y/01Y1BUEIBPOP/|OIYIBUBIAP)
[tv] 23S annesedaid Buljokosy spJepue)s auaiA1sA|od (wu 062 = %) SIA-AN ausnjoL Ansnpu| [eanAjeuy ueder) €GzMM-T3DIVE pd
sioyine Aq 71508-4M X8poys
pazisayiuAs sem aseyd Areuonels pue T1£08-4M X8poys/suwn|od yujouow edl|is (paryipow 83eyINs pue paiyipowun)
[ov] |  usnig areifioeyiaw |Ayiaw)Ajod 189a 4HL | paziiqowuwi ysnig arejAsdeypaw |Aysew)Ajod 2090
sfeaiwayd Buigiosae (sau01eI0qRT] (saurydsoydjAxe)
[2€] -U0U 198)3p 03 pasn sem 14d 14 '14a ‘'vad dHL JawA|odpus|ify) 000T-1d 40 05-T1d 113Us/8100 SUZ/3SPD
auan|o} ul
[9€] sprepuels sualhishlod | 14Q ‘(wu 215=2y) vad | eulydsoydiAiooLn ;7 jowi T°0 (sauioreloqe] JawAjodaus|iby) OTTT 1861d asp2 pareoo aualkishjod
uol
Teuiw RPp
azIs 1o}
prepuels
)P uolireqifed u (s)uwnjoo (yuebe Buiddeo; lozi|iges)
oue By SY feway uwnjo) 011991Jd en|3g 23S a1 redoueu RN

NIST Author Manuscript

NIST Author Manuscript

NIST Author Manuscript

Trends Analyt Chem. Author manuscript; available in PMC 2017 June 01.



	Abstract
	1 Introduction
	2 SEC instrumentation for characterization of metal NPs and QDs
	2.1 General principles of SEC, column types, and mobile phases
	2.2 Detection

	3 Aqueous SEC of Au NPs and QDs
	3.1 Gold nanoparticles (Au NPs)
	3.2 Quantum dots (QDs)

	4 Organic SEC characterization of NPs
	4.1 Gold and silver nanoparticles (Au and Ag NPs)
	4.2 Quantum dots

	5 Challenges and future prospects for SEC characterization of NPs and QDs. Comparison to other separation methods
	6 Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

