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Abstract The size (hydrodynamic or Stokes radius, RH)
of non-functionalized CdSeS/ZnS (core/shell) quantum
dots (QDs) was characterized by size-exclusion chroma-
tography with on-line quasi-elastic light scattering (SEC/
QELS). Accurate determination of the size of QDs is im-
portant, because many of the optical properties of these
materials are size dependent. A clear advantage of SEC/
QELS over many batch techniques (e.g., QELS without
separation) is the capability of the hyphenated technique
to characterize the entire size range of a disperse sample,
rather than merely providing a statistical average of the
sizes present. Here, the SEC/QELS-determined RH values
of CdSeS/ZnS QDs are compared to those determined by
a traditional SEC experiment employing a calibration
curve based on polystyrene standards, providing for the
first reported study on SEC/QELS of non-functionalized
QDs while also demonstrating the shortcomings of the
w ide ly - emp loyed ca l i b r a t i on cu rve app roach .
Furthermore, combining the RH of the QDs obtained by
SEC/QELS with core size measurements derived from
transmission electron microscopy allowed further calcula-
tion of the size of the QDs’ coronas. The latter result was
found to be in close agreement to the previously measured
dimension of the main corona constituent, as well as with
the calculated size of this constituent.
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Introduction

Quantum dots (QDs) are semiconducting nanomaterials
which exhibit quantum mechanical properties and which have
applications in biological imaging and labeling, medicine, la-
sers, light-emitting diodes, and solar cells, among others [1,
2]. QDs are ideal for these applications because of their bright-
ness and large extinction coefficients, which allow for easy
detection and visualization. These unique optical properties of
QDs stem from their small size; in fact, many of these prop-
erties are size dependent. In general, QDs have a diameter less
than 10 nm, with emission wavelength and optical properties
that can be tuned by modifying their size, a red shift in their
electromagnetic spectrum being accompanied by an increase
in QD size. QDs consist of materials such as cadmium sele-
nide (CdSe), cadmium sulfide (CdS), zinc sulfide (ZnS), and
indium phosphate (InP). So-called core/shell-structured QDs
were developed to improve photoluminescence efficiency [2].
A common example of a core/shell QD is CdSeS/ZnS, in
which the CdSeS core is capped with ZnS for enhanced quan-
tum yield (Scheme 1).

As discussed in the previous paragraph, the optical proper-
ties of QDs are size dependent. Thus, accurate determination
of QD size is paramount in the characterization of these ma-
terials [3]. To date, the analytical methodologies employed for
the size determination of QDs include off-line quasi-elastic
light scattering (QELS, also known as dynamic light scatter-
ing), small-angle X-ray scattering and, most commonly, trans-
mission electron microscopy (TEM) [4–6]. There are several

* André M. Striegel
andre.striegel@nist.gov

1 Chemical Sciences Division, National Institute of Standards and
Technology, 100 Bureau Drive, MS8392, Gaithersburg, MD 20899,
USA

Anal Bioanal Chem (2016) 408:4003–4010
DOI 10.1007/s00216-016-9487-y

http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-016-9487-y&domain=pdf


shortcomings to the TEM approach, however. Firstly, in TEM
only a limited area of a grid is examined, thus conveying
information on only a small, perhaps nonrepresentative por-
tion of the sample as a whole. Secondly, drying of the sample
can cause physical and/or chemical changes to QDs, such as
aggregation or oxidation. Finally, TEM underestimates the
total size of QDs because it only Bsees^ the core, not the
organic groups or passivating agents used for stabilizing the
QD structure due to their destruction by the ionizing radiation
of the TEM beam [4, 7].

Because QDs are usually synthesized in a liquid phase,
high performance liquid chromatographic (HPLC) techniques
coupled to various detection methods have been employed for
separation and size characterization of QDs. For the separation
of QDs (both in aqueous and organic solvents) reversed phase
and size-exclusion chromatographic columns have been
employed [4, 8, 9]. The detection methods coupled to HPLC
include ultraviolet–visible (UV–vis) and fluorescence spec-
troscopy, and inductively coupled plasma mass spectrometry
(ICP-MS). While these methods provide valuable information
on QD properties, they are not able to give any direct infor-
mation on their size. Size data become accessible when col-
umns are calibrated for a size parameter (usually hydrodynam-
ic radius, RH, or the equivalent hydrodynamic diameter 2RH)
with well-characterized standards, such as polystyrenes [4].
The main disadvantage of this approach is that it is highly

sensitive to abnormal elution behavior, as well as to normal
chromatographic band broadening. For example, unwanted
interactions between QDs and SEC stationary phases results
in elution being affected by non-size-exclusion mechanisms
which bias calculated QD sizes toward either artificially high
values (for cases involving e.g., electrostatic ion-exclusion
effects) or artificially low ones (when e.g., analyte sorption
onto the stationary phase occurs) [10]. In the case of CdSe
and CdSe/ZnS QDs it is the latter case, i.e., sorptive interac-
tions between the analytes and the chromatographic column
stationary phase, that has precluded accurate size characteri-
zation of these QDs by SEC using the traditional detection
methods described earlier [6].

In this study, we demonstrate for the first time how SEC
with on-line QELS detection provides a valuable tool for the
size determination of QDs. The advantage of coupling SEC to
QELS is that the hyphenated method proves to be less sensi-
tive than SEC with column calibration to the aforementioned
errors in size resultant from non-size-exclusion effects and
chromatographic band broadening during elution. The SEC/
QELSmethod also provides information on the size range of a
sample, unlike off-line QELS which yields only the z-average
of the RH distribution or which finds it necessary to invoke a
number of assumptions to generate this distribution [11, 12].
In off-line QELS, for example, a distribution of diffusion rates
from a monomodal size distribution is assumed, the correla-
tion function is fit to a Gaussian distribution of decay times,
and from this the distribution mean and width are calculated
and the RH distribution and averages are obtained (this is the
so-called Bmethod of cumulants^). Alternatively in off-line
QELS, the RH distribution is assumed to be smooth and a
choice is made among various sets of exponentials that are
used to fit the experimental data (the choice is generally made
by the software based on the smoothness of the resultant dis-
tribution; this is the so-called Bregularization method^). It
should be noted that, for different species to be resolved from
each other by the regularization method, their respective RH
values should differ by a factor of 5 or greater. None of the
assumptions on which either the cumulants or regularization
method rely are employed when QELS is used on-line with
SEC or related size-based separation methods, as the slices
that elute from the chromatographic column are, in general,
sufficiently narrow so as to generate single-exponential auto-
correlation functions. An advantage of SEC/QELS over the
more popular SEC with on-line multi-angle static light scat-
tering (SEC/MALS) is that the latter, which has been
employed (sometimes in conjunction with online QELS) in
the size characterization of various colloids [13], nanoparticles
[14] and colloidal assemblies [15], is generally limited to
analytes of a size (radius) equal or greater than ≈1/40th of λ,
the wavelength in the medium of the incoming radiation
(λ≡λ0/n0 , where λ0 is the vacuum wavelength of the radia-
tion and n0 is the refractive index of the medium) [16]. In

Scheme 1 Schematic presentation of the CdSeS/ZnS quantum dot (as
per QD naming custom, the CdS layer is considered implicit in the no-
menclature) and experimental procedures employed in this study for de-
termination of total radius of the QD (determined by SEC/QELS); radius
of the metal core, composed of the CdSeS core plus the CdS and ZnS
layers (determined by TEM); and thickness of the octadecylamine alkyl
coating (determined by difference)
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general, most QDs fall below this size limit and their size is,
thus, not accurately measureable by MALS. As discussed lat-
er, however, QELS measurements are based on diffusive
transport properties, which makes this technique far more sen-
sitive than MALS in the size range of interest for QDs.

A benefit of SEC/QELS over TEM is that the former is
capable of giving information on the actual effective total
particle radius (or diameter) of the QD, which includes the
core, any surrounding metal layer(s), and any organic coating
layer(s), while TEM can provide only information on the core
and metal layers. Here, we take advantage of the complemen-
tarity of these two techniques in the characterization of
CdSeS/ZnS core/shell QDs: TEM is employed to measure
the combined size of the CdSeS core and the surrounding
CdS and ZnS layers (for simplicity, the combination of all
three of these will be referred to here as the Bmetallic core^
of the QDs), with SEC/QELS being used to measure the total
size of the QDs (see Scheme 1). The difference between these
two measurements should provide the size of the organic coat-
ing layer of the QDs. To confirm the latter, our calculations of
this octadecylamine coating layer size are compared to previ-
ous small-angle neutron scattering (SANS) measurements of
the size of octadecyl chains, as well as to the calculated size of
an all-trans octadecylamine molecule. Additionally, the SEC/
QELS results are contrasted to those obtained by a traditional
chromatographic approach, namely SEC employing a column
calibration procedure, which serve to demonstrate the differ-
ence between the two approaches. We hope that the present
study helps highlight the realized potential of SEC/QELS as a
nanoparticle/quantum dot size characterization technique, as
well as its complementarity with other characterization
methods such as TEM.

Materials and methods

Materials

Non-functionalized, 1-octadecylamine-capped CdSeS/ZnS
quantum dots (QD 510 and QD 620; the numbers denote
the photoluminescence wavelength maxima, in nm) dis-
persed in toluene, were purchased from AC Diagnostics,
Inc (Fayetteville, AR, USA). Polystyrene standards with
nominal molar masses of 9000 g mol−1, 19,760 g mol-1,
31,420 g mol−1, 49,170 g mol−1, and 68,000 g mol−1 were
from Agilent/Polymer Laboratories (Amherst, MA, USA).
The polystyrene standard with nominal molar mass of
102,000 g mol−1 was acquired from Toyo Soda (Tokyo,
Japan). The mass concentration of both quantum dots was
5 mg mL−1, according to the manufacturer. HPLC grade
toluene was from Avantor Performance Materials Inc
(Center Valley, PA, USA) and 1-octadecylamine was from
Alfa Aesar (Ward Hill, MA, USA).

SEC/QELS analysis

The SEC instrument consisted of an Agilent 1260 isocratic
HPLC pump (Agilent Technologies, Santa Clara, CA, USA),
an autosampler (Agilent 1260), and a WyattQELS quasi-
elastic light scattering detector (Wyatt Technology Co.,
Santa Barbara, CA, USA). QELS measurements were per-
formed at a nominal angle of 108° relative to incident laser
beam. A 0.22 μm inline Teflon filter was placed after the
pump and before the injector to filter the mobile phase, prior
to injection, of spurious particulate matter contaminants.
QELS data were collected at a rate of 1 point per 2 s, and
processed with ASTRA software (Wyatt Technology Co., ver-
sion 6.1.1.17).

The SEC column employed for QD and polystyrene
separations was either PLgel 500 Å nominal pore size
(5 μm particle size) or PLgel 104 Å nominal pore size
(10 μm particle size), both from Agilent/Polymer
Laboratories and both packed with crosslinked styrene/
divinyl benzene particles. The eluent was 2 mmol L−1 1-
octadecylamine in toluene [4], at a flow rate of
0.5 mL min−1. Lower (or higher) flow rates were not
investigated, as flow rate effects on on-line QELS results
are essentially negligible at the size range examined in
these experiment (i t would require an order-of-
magnitude or more increase in size for these effects to
become manifest [15]). Addition of 1-octadecylamine to
the organic solvent served to prevent QD sorption onto
the column packing material and also as a prophylactic
measure against QD aggregation in solution. Previous
studies analyzing QDs, using the same type of SEC col-
umn packing material as employed here, both with and
without the capping agent added to the mobile phase
showed that addition of the capping agent is needed to
help prevent or, at least, substantially reduce enthalpic
non-size-exclusion interactions between the QDs and the
column packing material [6]. The QDs were analyzed in
triplicate without further sample dilution prior to analysis,
i.e., at a concentration of 5 mg mL−1. According to pre-
liminary SEC experiments with various injection vol-
umes, a 50 μL injection volume was chosen for QD 510
and a 10 μL injection volume for QD 620. These injection
volumes provided a QELS signal-to-noise ratio (S/N) suf-
ficient for the determination of RH for each eluted QD
fraction. Diluting the QD solutions by a factor of two
while maintaining the same injection volumes yielded
chromatograms with an S/N ratio too low for the repro-
ducible determination of RH.

A calibration curve for RH was constructed employing
narrow dispersity polystyrene standards of various molar
masses. The peak apex molar masses Mp provided by the
manufacturer were converted into RH values employing
the previously-published power law relationship between
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molar mass (M in g mol−1) and RH (in nm) of polystyrene
in toluene at room temperature [17]:

RH ¼ 1:06� 10−2M 0:575 ð1Þ

The above relation was based on 38 polystyrene samples
covering over two orders of magnitude in molar mass, with RH
values determined mostly via QELS but also employing sed-
imentation techniques [17]. The concentration of polystyrene
standards was 7 mg mL−1 (PS 9000), 5 mg mL−1 (PS 19,760,
PS 31,420, PS 49,170), 4.5 mg mL−1 (PS 68,000), and
3.5 mg mL−1 (PS 102,000). The injection volume for all the
polystyrenes was 100 μL, and each polystyrene was analyzed
in duplicate. Both the column and the detector were
temperature-regulated to 25 °C.

TEM imaging

Transmission electron microscopy measurements were per-
formed using a JEM 3010 from JEOL (Waterford, VA,
USA). A voltage of 300 kV was used for all samples. TEM
sample preparation was performed by pipetting 6 μL of QD
suspension onto a formvar-coated copper TEM grid (Electron
Microscopy Sciences, Hatfield, PA, USA). Size distribution
was determined by analysis of TEM images using ImageJ
(National Institute of Health, Bethesda, MD, USA); at least
500 particles were counted in each population [18, 19].

Results and discussion

SEC/QELS of individual QDs and of QD blend

The SEC/QELS chromatograms of the QDs are presented in
Fig. 1. For comparison, two different SEC columns were
employed for the separations, a PLgel 104 Å (10 μm particle
size) and a PLgel 500 Å (5 μm particle size) column.
Chromatographic resolution Rs was calculated using Eq. (2)
[10]:

Rs ¼ 2 VR2−VR1ð Þ
Wb1 þWb2

ð2Þ

where VR is the peak retention volume (retention volume of
peak maxima; Wb is the chromatogram peak width, in reten-
tion volume units, formed by intersection of the baseline with
the tangents to the curve inflexion points; and the subscripts 1
and 2 refer to each of the two peaks (or to each peak centroid).
As can be seen in Fig. 1 A and B, the larger particle/pore size
column provided better resolution between the two QDs than
did the columnwith smaller particle/pore size. The Rs between
QD 620 and QD 510 was 0.16 with the 500 Å column, dou-
bling to 0.32 when the 104 Å pore size column was used. The
fact that worse resolution was achieved with the smaller

Fig. 1 A, B SEC/QELS chromatograms of QD 620 (red line) and QD
510 (blue line) and corresponding RH values across the chromatographic
peaks (solid red squares for QD 620 and open blue circles for QD 510).
Data in A and C were obtained using a PLgel 10 μm particle size, 104 Å
pore size column and, in panel B, employing a PLgel 5 μm particle size,
500 Å pore size column.C is the SEC/QELS chromatogram (purple line)
of a blend of the two QDs (5:1 blend of QD 620 and QD 510, respec-
tively), with RH values across the chromatogram shown as open purple
triangles
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particle size and smaller pore size column than with its larger
particle size and pore size counterpart appears, at first, counter-
intuitive. This result is explained, however, by the fact that QD
620 appears to elute at the exclusion volume of the smaller
particle/pore size column, as determined by comparing the re-
tention volume of this QD to those of a series of narrow
dispersity PS standards (data not shown). By analyzing these
standards at the same solvent/temperature conditions as the
QDs, it was determined that the size exclusion limit of the
smaller columnwas similar to, and perhaps even slightly smaller
than, the size of QD 620, meaning that some, perhaps all, of this
QD eluted at the exclusion limit of the smaller column. Hence,
the separation space was reduced in the smaller pore size col-
umn as compared to the larger pore size one, effectively negat-
ing any resolution advantage that might have been derived from
differences in packing particle size between these columns.

Regardless of which column was used, QD 620 was ob-
served to elute earlier than did QD 510. This elution order is in
accordance with the size-exclusion principle of larger analytes
sampling a smaller pore volume, and thus being less retained,
than smaller analytes. Employing the on-line QELS detector,
the size (hydrodynamic radius RH, also known as the Stokes
radius) of the QDs was measured across their individual chro-
matograms. (It should be noted that QELS actually measures
the translational diffusion coefficient DT of the analytes, from
which the hydrodynamic radius is calculated via the Stokes-
Einstein equation RH ≡ kBT/(6πη0DT), where kB is
Boltzmann’s constant, T is the absolute temperature in
Kelvin, and η0 is the solvent viscosity at the experimental
temperature). As seen in Table 1 and in Fig. 1A, B, the RH
of QD 620 is indeed larger than that of QD 510, 6.6 nm versus
4.8 nm, respectively. Furthermore, the very small change in
RH as a function of QD elution volume, for both analytes,
attests to the near-monodispersity of these materials.

A 1:5 (QD 510:QD 620) blend by volume of the two QDs
was also analyzed, employing the 10 μm particle size, 104 Å
pore size column. The results of this analysis are shown in
Fig. 1C. There are a few things to note from this figure. First,
this particular SEC column was not able to separate the two

QDs from each other in a manner that allowed differentiation
of the two peak apexes. This was to be expected, however,
given that the Rs between the individual QDs on this column
was only 0.32 (see above). Second, the retention volume of
the blend peak is 7.01 mL, in between the retention volumes
of the component QDs, which were 6.96 mL and 7.41 mL.
While this result was also expected, the fact that the retention
volume of the blend is substantially closer to that of QD 620
than to the retention volume of QD 510 may not, at first, seem
obvious. The reason for this bias is that the chromatograms in
Fig. 1C (and, indeed, all chromatograms in this paper) are
based on the signal from the QELS photometer. Being a light
scattering detector, the QELS response is larger for analytes
with a larger molar mass as, all other factors being equal, light
scattering photometers are molar-mass-sensitive detectors. All
factors also being equal, a larger QD size corresponds to a
larger molar mass. Consequently, the peak apex of the QD
blend is expected to be closer to the peak apex of the larger
QD, QD 620, which is, indeed, what is observed. Lastly, we
note that, even though the SEC column lacked the necessary
chromatographic resolution to distinguish between the two
components of the blend, the on-line QELS detector provides
affirmative evidence to their presence, as observed from the
distribution of RH values across the chromatogram: From
smallest to largest retention volume we observe, in turn, first
a near-plateau in RH around 6.4 nm, then a decrease in size
from 6.4 nm to 5.1 nm and, lastly, another near-plateau around
5.1 nm. These correspond, respectively, to almost exclusively
QD 620 (as seen in Fig. 1A, fronting of the QD 510 peak is
minimal, meaning that there is little Bcontamination^ of the
QD 620 peak by QD 510); then to a combination of the two
QDs, where the QELS detector measures the average size of
the analytes eluting from the column at each retention slice;
and, lastly, the portion of the peak which is, mostly, QD 510,
but which also contains some of QD 620, as can be expected
from the tailing of the peak of the latter QD as seen in Fig. 1A.
The QELS detector thus provides evidence of the two blend
components present, even though the chromatographic peak is
monomodal.

Table 1 Radii (in nm) of QDs
obtained by SEC/QELS,
calibrant-relative, SEC, and TEM

RH QELSa RH from calibration
curvea (104 Å column)

TEM (radius) Thickness of
octadecylamine layerb

QD 510 4.8 ± 0.1c 4.13 ± 0.04 2.4 ± 0.3 2.4 ± 0.3

QD 620 6.6 ± 0.2 5.83 ± 0.01 3.5 ± 0.6 3.1 ± 0.6

a Value for peak maxima
b Calculated using Eq. (2)
cRH uncertainties represent one standard deviation based on triplicate measurements. TEM uncertainties are based
on the measurement of ≈500 QDs on the grid. Uncertainties in the last column were calculated based on rule for
propagation of error in a subtraction [24]
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QD size by SEC with polystyrene-relative calibration

In the SEC analysis of macromolecules, a common practice is
to construct peak-position calibration curves using a set of
well-characterized narrow molar mass dispersity standards.
From these curves, the molar mass averages and distributions
of the sample(s) being analyzed are obtained. The results ob-
tained from this approach are highly suspect if either the
chemistry and/or architecture of the sample(s) differ from
those of the calibrants. Unfortunately, an analogous method
for obtaining the size averages and distributions of QDs ap-
pears to have gained favor in the literature. For QDs, this
approach has been used by e.g., Krueger and colleagues to
determine the size of QDs dispersed in toluene [4]. Given
the increasing popularity of this approach, we decided to ap-
ply it here and to compare the calibrant-relative results to the
Babsolute^ results obtained above by SEC/QELS. To this ef-
fect, a series of narrow dispersity polystyrene standards, of
nominal molar mass between 9000 g mol−1 and 102,
000 g mol−1, were analyzed by SEC. The molar masses were
converted into hydrodynamic radii via Eq. 1, previously de-
rived by Fetters et al. [17]. As can be seen in Fig. 2, the
resultant RH versus retention volume calibration curve covers
the range of ≈2 nm to ≈8 nm, bracketing the expected size of
the QDs based on the SEC/QELS experiments described
above. From this calibration curve, RH for peak apex of 4.13
±0.04 nm and 5.83±0.01 nm were obtained for QD 510 and
QD 620, respectively. As can be seen from Table 1, these
values are lower than those obtained from SEC/QELS, likely
as a result of sorptive non-size-exclusion interactions between
the QDs and the column packing material at the given solvent/
temperature conditions of the experiment.

While differences in the average RH obtained by SEC/
QELS and SEC with PS-relative calibration are relatively

small (between 0.7 and 0.8 nm; see Table 1), larger dif-
ferences are observed in the RH range determined by each
method. Because of the Babsolute^ nature of QELS detec-
tion, results obtained by SEC/QELS are less sensitive to
chromatographic band broadening than are those derived
using the calibration curve approach. As can be seen
when comparing the RH results in Fig. 1A to the PS-
relative size range covered by the chromatograms is
Fig. 2, the ranges derived from the calibration curve ap-
proach are several nm larger than those obtained by SEC/
QELS: For QD 510, the peak (retention volume between
7 and 8 mL) covers the RH range from ≈4.3 to ≈5.2 nm
according to SEC/QELS and from ≈2.6 to ≈5.6 nm when
the calibration curve is employed. The corresponding
ranges (retention volume between 6.5 and 7.75 mL) for
QD 620 were from ≈6.1 to ≈8.3 nm by SEC/QELS, and
from ≈3.2 to ≈8.3 nm when applying the calibration
curve. The fact that larger differences are observed at
the lower end of the size range in both cases is likely
due to the predominant effect of longitudinal diffusion
(van Deemter B term) being responsible for the band
broadening of these very small-sized analytes, in contra-
distinction to SEC of large-sized polymers, where band
broadening is chiefly governed by mass transfer effects
(van Deemter C terms).

TEM of QDs

As indicated in the Introduction, TEM is the most frequently
used technique for size characterization of QDs. One of the
disadvantages of TEM is its inability to detect the organic
layer(s) that stabilize the inorganic core. Here, TEM was
employed to determine the size of the metallic core, composed
of the CdSeS core and concentrically surrounding CdS and
ZnS layers (see Scheme 1), of the QDs studied. In this manner,
TEM provides information complementary to that obtained
from SEC/QELS (or from calibrant-relative SEC), which
yields the size (RH) of the QDs as a whole, i.e., as metallic
core plus organic coating layer.

The TEM images of the QD 510 and QD 620, shown in
Fig. 3, indicate that both QDs have spherical shape and a
narrow size dispersity. The radius obtained for the core of
QD 510 was 2.4 ± 0.3 nm, and for that of QD 620 3.5
±0.6 nm (Table 1). The difference between these data and
the RH values obtained from SEC/QELS provides the thick-
ness of the octadecylamine (C18NH2) coating layer, i.e.:

Thickness of C18NH2 layer

¼ RH from SEC=QELSð Þ� radius f rom TEMð Þ ð3Þ

Fig. 2 SEC/QELS chromatograms of QD 620 and QD 510
(magenta lines) and polystyrene-relative (PS) calibration curve for
RH (red line). For each PS standard (solid black squares), duplicate
injections were used for data fitting (n = 12). Results from all PS
injections are shown in the figure
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From the above relation, the thickness of the
octadecylamine layer was calculated as 2.4 ± 0.3 nm for
QD 510 and 3.1 ± 0.6 nm for QD 620. Thus, according to
our calculations the alkyl layer of QD 510 was 0.7 nm
thinner than that of QD 620. One explanation for this
difference in organic layer thickness between the two
QDs examined could, possibly, be due to a difference in
Bgrafting density^ of octadecylamine, with a lower densi-
ty in QD 510 than in QD 620. High packing density is
known to restrict the movement of polymer chains, lead-
ing to more extended conformation than when the packing
density is lower [20, 21]. It should be noted, however,
that both these values for the size of the alkyl layer appear
to be quite reasonable. This conclusion stems from the
fact that Sander et al., employing small-angle neutron
scattering (SANS), found the length of an octadecyl
(C18) chain, in methanol and bonded to silica, to be 2.1
± 0.3 nm [22]. Our values for the size of the organic layer
of the QDs, calculated from the difference between the
SEC/QELS and TEM measurements (Eq. (3)), are also
found to bracket the theory-predicted value of ≈2.7 nm
for the length of an all-trans C18NH2 chain [23]. The
similarity between our values and those found either via
SANS or theory provides strong support as to the

robustness of the present method for determining the
thickness of the various portions of organically-coated
QDs by employing the combined SEC/QELS + TEM
method.

Conclusions

We have demonstrated here the successful coupling of size-
exclusion chromatography to quasi-elastic light scattering de-
tection for the purposes of determining the average size, and
the size range, of quantum dots. In the present case, the SEC/
QELS technique was applied to the characterization of two
CdSeS/ZnS QDs with an average size of 4.8 and 6.6 nm and
covering a size range of ≈4 to ≈8 nm. The method was also
applied to the study of a blend of these QDs. The use of on-
line QELS detection allows for determination of the hydrody-
namic radius RH of the QDs at each slice eluting from the
columns. Results from SEC/QELS are compared to those ob-
tained by a widely applied calibrant-relative approach. The
latter is found to underestimate the average size of the indi-
vidual QDs, though only slightly. Larger errors from applying
a polystyrene-relative calibration curve are seen when trying
to determine the size range as a whole, especially as this tech-
nique tends to exaggerate the lower end of the size range,
likely as a result of longitudinal diffusion band broadening
effects in the chromatography of these small-sized analytes.

The SEC/QELS method is complemented here by TEM
analysis of the QDs. While the former measures the RH of
the QDs as a whole, metal core and alkyl coating combined,
the latter measures the geometric size of the metal core alone.
The difference between these two measurements provides the
size of the alkyl layer, octadecylamine in the present case. The
size of this layer, as determined by the difference between
SEC/QELS and TEMmeasurements, was found to be in good
agreement with previous measurements of the size of a C18

group and in even better agreement with the calculated size of
an all-trans C18NH2 molecule. We believe the method pre-
sented here should be of interest to those attempting to deter-
mine the size of QDs as, in addition to chemistry, size is a
fundamental parameter governing the optical properties of
these materials.
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