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High-performance size exclusion chromatography (HPSEC)
is a powerful tool for probing the size and size distribution
of complex materials. Here we report its application to
the analysis of cadmium selenide nanocrystals produced
in organic solvents. If nanocrystal—column interactions
are minimized, this method provides an accurate measure
of nanocrystal hydrodynamic diameter directly in solution;
such information is complementary to TEM in that it can
measure the thickness of various capping agents. While
the resolution of single-pass HPSEC is limited to 1 nm,
we show here that recycling size exclusion chromatogra-
phy can be applied to assess the fine details of a sample’s
distribution. Finally, semiconductor nanocrystals can be
made a variety of shapes whose optical characteristics are
difficult to distinguish. HPSEC can be applied to the
general problem of shape separations which we demon-
strate with a tetrapod material.

Nanocrystalline CdSe quantum dots are a widely studied
nanomaterial whose size-dependent optical and electronic proper-
ties have inspired both fundamental research and novel applica-
tions.!~6 Control over the nanocrystal diameter and size distribu-
tion is critical in this field, and this requires accurate and rapid
determination of particle size and size distribution in solution. This
paper demonstrates the application of high-performance size
exclusion chromatography (HPSEC) to this problem. Unlike
transmission electron microscopy (TEM), HPSEC provides a
quantitative assessment of the particle diameter directly in the
solution phase.” In particular, it measures the hydrodynamic
diameter of a nanoparticle that includes information about both
the core and its surface coating. HPSEC is also an important
complement to optical absorption in that chromatographic elution
times can be directly related to hydrodynamic size. This permits
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particle sizing without any reliance on models of nanocrystal
optical properties.

The application of size exclusion chromatography to the
problem of nanocrystal analysis has been limited, though it is a
widely used technique for measuring the properties of complex
macromolecules such as polymers and proteins.®~14 Fischer et al.
first evaluated chromatography for separating aqueous colloidal
CdS particles over a decade ago.'> Even though these nanoma-
terials were not stable for long times in solution, under the
appropriate conditions, elution time and particle size were found
to be related qualitatively as expected for a size exclusion
process.’6-19 This work highlighted the persistent problem of
enthalpic particle—column interactions, which could be minimized
but not removed by the use of additives in the running phase.?
More recently, the application of HPSEC to gold nanocrystals has
been reported.1%21-25 This work extends past efforts on colloidal
CdS by illustrating methods for quantitative analysis of HPSEC
data; in particular, careful calibration of columns permit nano-
particle elution time to be directly related to hydrodynamic size.
Most recently, aqueous SEC was used for the coarse separation
of very different sizes of nano-CdSe/protein conjugates.2
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Here we report HPSEC characterization of CdSe quantum dots
in organic solutions and demonstrate methods for the quantitative
analysis of these data. Our methods were shaped by previous
reports of nanoparticle chromatography, which highlighted the
challenges of reducing enthalpic column/particle interactions.?’
We found that nanocrystalline CdSe in organic solution has
persistent interactions with most column materials. These enthal-
pic interactions preclude quantitative analysis of HPSEC data;
however, by adding surface capping agents to the mobile phase
that react with both the surface Cd and Se atoms, we have
successfully realized size exclusion separations. Cadmium passi-
vation is easily achieved using long-chain thiols that present inert
carbon chains to the column.?” Trioctylphosphine acts in a similar,
although weaker, fashion and we speculate this interaction occurs
through association with surface selenium atoms. With these
modifications in standard HPSEC operation, we were able to
achieve the first purely size exclusive and quantitative separation
of CdSe nanocrystals.

EXPERIMENTAL SECTION
Chemicals. CdO, Se powder, oleic acid, 1-octadecene (ODE),

trioctylphosphine (TOP), trioctylphosphine oxide (TOPO), hex-
anethiol, octanethiol, decanethiol, dodecanethiol, and octadecane-
thiol were all purchased from Aldrich and used as received.
Toluene was used as the primary mobile phase (Fischer Chemi-
cals, Optima). Preprepared standards (Easi-Cal, Polymer Labs,
molecular weights 580—377 400) were used for calibrating the
columns.

CdSe Nanoparticle Synthesis. CdSe quantum dots were
produced in high-temperature liquid-phase reactions using non-
coordinating solvents, in this case, ODE.2¢ A typical reaction is
as follows: CdO, 0.255 g, oleic acid, 1.88 g, and ODE, 80 mL,
were loaded into a 250-mL three-neck flask and heated to 300 °C
under N, flow. When the solution became optically clear, a
selenium solution containing 0.08 g of Se powder dissolved in 0.42
g of TOP and 3 mL of ODE was rapidly injected. To obtain varying
sizes, the reactions were quenched with 40 mL of ODE at room
temperature at variable reaction times. Control of size a priori was
not possible; instead reactions were analyzed postsynthesis for
size and distribution. The 1-mL fractions of the reaction mixtures
were purified by first adding 1 mL of acetone to precipitate
impurities. After 15 min, samples were centrifuged at 3200 rpm
for 10 min to remove unreacted cadmium oleate; the decantate,
which contained the soluble nanocrystals, was then treated with
excess acetone, and the mixture was centrifuged at 3200 rpm for
20 min to recover all nanocrystals. These orange-red solids were
redissolved in 1 mL of toluene and treated with ~20 uL of
1-dodecanethiol to add a surface cap. This addition resulted in
quenched fluorescence. A final purification in toluene was com-
pleted by centrifugation at 14 000 rpm for 15 min to remove any
undissolved particles. The optically clear solution resulting from
this procedure was used for all chromatographic measurements.

A polydisperse sample of CdSe containing dots, rods, and
tetrapods was synthesized also.?? CdO, 0.051 g, oleic acid, 0.375
g, and TOPO (99%), 16.0 g, were loaded into a 100-mL three-neck
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flask and heated to 300 °C under N,. When optically clear, a
selenium solution containing 0.064 g of Se powder dissolved in 1
g of TOP was added in four separate 0.25-mL injections spaced 5
min apart. The reaction was run for a total of 1 h 30 min, at which
point heat was removed and the nanocrystals were precipitated
with 30 mL of acetone/10 mL of 200 proof ethanol. Nanocrystals
were collected by centrifugation and rewashed with an additional
30 mL of acetone. After drying under N,, the sample was
redissolved in 20 mL of toluene. The 1-mL fractions were treated
with ~20 uL of 1-dodecanethiol and centrifuged for 10 min at
14 000 rpm. The decantate was taken for HPSEC analysis.

HPSEC Apparatus. A Waters Alliance 2690 chromatographic
system with a photodiode array (model 996) and differential
refractive index (model 410) detectors was used to gather
chromatograms and ultraviolet—visible spectra (UV—visible).
Chromatographic and UV—visible resolutions were 1.0 s and 1.2
nm, respectively. Typical injection volumes were 50 uL. There was
no influence of injection volume on retention time. A porous, cross-
linked, polystyrene column (300 x 7.5 mm) of 1000-A pore size
and 5um particle size (Polymer Labs PLgel 5 um, model 1110-
6530) was used for all separations. The mobile phase was a 0.1
M solution of trioctylphosphine in toluene with a flow rate of 1.0
mL/min. Prepared in air, the mobile phase was stable for several
weeks and showed no signs of degradation. No column condition-
ing was necessary other than allowing 1 h for the column to
equilibrate after a solvent switch. Column temperature was held
constant at 30 °C. An Agilent 1100 series HPLC equipped with
Valco switching valves was used to gather data of recycling SEC.
This alternate recycling setup utilized one 1000-A and one 500-A
PLgel column from Polymer Labs.

Transmission Electron Microscopy and Particle Sizing.
Each sample was independently sized using a JEOL TEM, model
JEM-2010, operating at 100 kV. Samples were evaporated from
toluene onto 400-mesh ultrathin carbon/Formvar-coated copper
grids (Ted Pella, 01822). A total of 60 digital images were gathered
for each sample in three separate sessions at 100000x. Nano-
crystal diameters were sized using ImagePro analysis software
(Media Cybernetics version 5.0) resulting in over 1000 data points
per sample.

RESULTS AND DISCUSSION

Figure 1 shows representative size exclusion chromatograms
of two sizes of nanocrystalline CdSe and their respective absorp-
tion spectra. Contrary to traditional enthalpic mode chromatog-
raphy, size exclusion chromatography separates solutes based on
their entropic interaction with a porous stationary phase.?30-32
Upon entering pores, the conformational degrees of freedom of a
solute, in this case CdSe, are reduced resulting in a loss of
conformational entropy. This diffusion into the porous stationary
phase is driven by the solute concentration gradient between the
interstitial and pore volumes. Large solutes suffer a greater loss
in conformational entropy than small solutes when entering pores
of the stationary phase. As a result, larger solutes do not enter
the pores resulting in an overall shorter path length and shorter
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Figure 1. Representative chromatograms of (A) 3.56 (+0.52) and
(B) 2.58 (+0.42) nm diameter CdSe nanocrystals monitored at their
first absorption peak, 565.0 and 488.0 nm, respectively. The larger
particles elute first as expected for a size exclusion process. Inset:
absorption spectra of the two samples.
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Figure 2. Temporal evolution of the absorption spectrum within one
HPSEC chromatogram. Within one chromatogram, the absorption
spectrum smoothly shifts from the red to the blue, reflecting the
different elution times of the subcomponents within the monodisperse
sample. The initial absorbance in this sample was 542.0 nm.

elution time. As Figure 1 illustrates, smaller particles elute at later
times than the larger ones; additionally, the data show that HPSEC
can easily distinguish between these two samples, which differ
in diameter by only 0.98 nm.

We can qualitatively confirm that only a size exclusion, as
opposed to enthalpic, separation is operative by analyzing the
optical absorption spectrum at different retention times within a
chromatographic peak. In Figure 2, optical absorption spectra from
various times in the chromatogram are shown. The first absorption
peak clearly blue shifts with increasing retention time. This
indicates a size exclusion separation occurs even within one
sample, with slightly larger CdSe nanocrystals eluting early and
slightly smaller nanocrystals eluting later. Instead of viewing
spectra for only selected retention times, we may also view them
for every retention time (1.0-s spacing) to see the continuous
evolution of the optical data (Figure 3). At shorter wavelengths,
the overall shape of the spectrum is remarkably constant with
retention time; only the exciton absorption peak shifts systemati-
cally with time as highlighted by the dashed line. This asymmetry
captures the clear and continuous blue shift of the first absorption
peak with retention time illustrated in the single absorption spectra
shown in Figure 2.
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Figure 3. Contour plot of the entire absorbance of the sample
versus retention time. The higher energy absorption features of
samples early and late in the chromatographic peak of one sample
are similar in shape; only small shifts in the exciton absorption peak
are observed as indicated by the dashed line.
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Figure 4. Quantitative calibration of the size exclusion column used
in these separations. The relationship between retention time and
hydrodynamic diameter is found precisely through the use of poly-
styrene calibration standards (W). The core diameter of the CdSe
samples were found from TEM imaging (N > 1000). The hydrody-
namic diameter was then calculated by adding a 1-dodecanethiol (a)

capping group.

Peak retention time from HPSEC can be quantitatively related
to the hydrodynamic diameters (Dy,) of analytes if the column is
properly calibrated; such data also provide further confirmation
that size exclusion effects are dominant in a nanocrystal
separation.?~% [llustrated in Figure 4, monodisperse polystyrene
standards of known hydrodynamic diameter are used to generate
a linear calibration curve relating Dy, to peak retention time. Peak
retention time is taken at the chromatogram apex, and the full
calibration plot is available in the Supporting Information. We
compared the retention times from nanocrystalline CdSe samples
of known core sizes to this calibration line as shown in Figure 4.
To do this, core diameters were determined by transmission
electron microscopy after counting over 1000 particles. We then
converted particle core diameters to hydrodynamic diameter by
assuming that the particle surfaces were capped with 1-dodecane
thiol (L = 12.3 A); nanocrystals were treated with it prior to
separation.®~%> We believe the thiol shares the surface with
trioctylphosphine, a shorter ligand, but that the longer thiol ligand
determines the shell thickness. This model provides quantitative
agreement with the calibration of this column as shown in Figure
4,

Once the relationship of retention time to hydrodynamic
diameter is established with polymer standards, HPSEC chro-
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Figure 5. Comparing sample diameter determined from TEM and
HPSEC. The line represents the 1 to 1 correlation.

Table 1. Diameter and Dispersity of CdSe Nanocrystal
Samples from TEM Imaging and High-Performance
Size Exclusion Chromatography (c12sH Thickness
Substrated)

Diem % dispersity Dsec % dispersity
sample (nm) (TEM) count (nm) (SEC)
CdSel 2.58 0.16 2901 2.62 0.17
CdSe2 2.79 0.15 1066 2.73 0.16
CdSe3 2.75 0.16 3487 2.85 0.15
CdSe4 2.88 0.17 3786 2.89 0.16
CdSe5 2.96 0.15 1090 3.04 0.14
CdSe6 2.99 0.14 1053 3.12 0.14
CdSe7 3.08 0.15 5109 3.37 0.15
CdSe8 3.56 0.15 1123 3.59 0.17

matograms can be used to determine the absolute core diameter
in a nanocrystal sample. Sample retention time is first converted
to hydrodynamic diameter by the calibration curve (Figure 4) and
then core diameter may be found by subtracting the shell
thickness. This core diameter from HPSEC (Dg..) can be com-
pared to independently measured core diameters from TEM (Dep)
as shown in Figure 5; there is excellent agreement between core
diameters obtained from TEM and HPSEC. Table 1 details the
sizing information on these samples and lists the measured Dy,
and D for all sizes. On average, diameters provided from HPSEC
and TEM differ by less than 1 A. Table 1 also compares percent
dispersity (o/diameter) in diameters gathered from TEM and
HPSEC and we see good agreement here as well. (The standard
deviation in a sample’s size can be found from o = w/2, where w
is the chromatographic peak width at 0.607 x peak height.32 To
obtain an accurate standard deviation we must correct for
instrumental broadening. o%rya = 0% + ¢ (1). Variance in an
eluted peak (0%r) is the sum of sample variance (0%) and
instrumental variance (¢%). Instrumental variance was determined
by injecting a monodisperse polystyrene standard so that all peak
variance was due to instrumental variance. By subtracting instru-
mental variance from the total we obtain only the sample variance.)

HPSEC used in conjunction with TEM allows the total
thickness of the surface cap to be determined. Figure 6a shows
one sample capped with thiols of differing chain length. The
retention time decreases as expected with an increase in chain
length. These retention times are first converted to hydrodynamic
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Figure 6. (a) Single core size sample (CdSe8) with long-chain thiol
capping agents of different lengths: (A) ¢18 sH, (B) c12 sH, (C) c10
sH, (D) c8 sH, and (E) c6 sH. Retention time decreases with increase
in thiol chain length. (b) Linear relationship of thiol length to number
of carbon atoms (n) determined by HPSEC.
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Figure 7. Recycling size exclusion chromatography of a bimodal
sample: (A) 3.56 nm; (B) 2.58 nm. Separation increases with cycle
number. Separation is confirmed by UV-—visible spectra at peak
apexes.

diameter using the calibration curve. Then the CdSe core diameter
(3.56 nm) is subtracted and the thiol length deduced: 8.5 (C6sH),
9.7 (C8sH), 11.1 (C10sH), 12.3 (C12sH), and 17.6 A (C18sH).
C6sH capped nanocrystals were unstable and precipitated after
several hours. All longer chain thiols showed good stability. Figure
6b plots thiol length in terms of #, or number of carbon atoms.
The trend is linear as expected, and the slope indicates an increase
in chain length of 0.76 A for each additional carbon atom. For
thiols in monolayers, this value ranges from 0.56 to 1.5 A.253
Clearly, average lengths of thiol chains depend on packing and
interchain interactions.

While HPSEC is clearly useful for analysis, its limited resolu-
tion may preclude more precise characterization of these highly
monodisperse samples. The technique of recycling size exclusion
chromatography (RSEC) allows enhanced resolution and separa-
tion of nanoparticle samples. Previously applied by our group to
gold nanoparticles, RSEC recycles the analyte through the column
several times to improve separation without increased back
pressure.3* Figure 7 shows the evolution of a bimodal sample (2.58
and 3.56 nm) with successive passes through the column. Unlike
in Figure 1 where two monodisperse samples were analyzed
separately, here we now mix to create a bimodal sample. Initially,
the single broad peak shows little evidence of being composed of
two sizes. However, the non-Gaussian distribution becomes more
evident with each pass, and this separation can be confirmed by
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Figure 8. Corresponding TEM histogram data overlaid on the fourth
cycle of a bimodal sample. Recycling data show the sample bimodality
more clearly than TEM.
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Figure 9. Single-pass separation of polydisperse sample into
multipods and quantum dots. TEM was performed on collected
fractions of peaks a and b.

the optical absorption data for each peak (A and B). Figure 8
overlays the fourth pass chromatogram of Figure 7 on the TEM
histogram data for this sample. Clearly, the TEM cannot capture
the bimodality of this sample, a mixture of the monodisperse
CdSel and CdSe8. In contrast, HPSEC clearly shows in multiple
passes the presence of two distinct sample types.

Because separation in HPSEC is based on hydrodynamic
diameter, we hypothesized that the technique would be valuable
for separating nanocrystals of differing shape. A primitive shape
separation of gold nanorods has been shown, although it was
plagued by severe enthalpic particle/column interactions.® We
prepared a distribution of cadmium selenide shape particles using
standard methods that have been reported to produce rods,
tetrapods, and dots in some statistical distribution.?? Figure 9
illustrates the separation of one of these samples; the images with
the chromatogram are representative images from samples
collected from each peak in the chromatogram. Clearly the larger
tetrapods elute earlier than the spherical dots. Quantitative analysis
of these data is the subject of ongoing efforts, but this result

(35) Wei, G. T.; Liu, F. K; Wang, C. R. C. Anal. Chem. 1999, 71, 2085—2091.

illustrates the generality of HPSEC to the problem of shape
purification in nanoscience.

The quantitative size and shape separations shown in this work
required complete passivation of nanoparticle surfaces to eliminate
particle/column interactions. As compared to gold nanoparticles,
this issue was challenging to address because of the heterogeneity
of the particle surface. This requires complete capping for both
surface Cd and Se atoms. For cadmium binding, we used long-
chain thiol well known to form bonds to cadmium of nanopar-
ticles.2” However, particles only treated with thiols showed
significant column interactions leading to chromatograms with
low intensity, late elution, and asymmetric peak shape. We
hypothesized that free selenium at particle surfaces was the cause.
Inclusion of TOP in the mobile phase eliminated this issue,
presumably because of the strong interactions between Se and
P. Chromatography generally is a sensitive measure of surface—
column interactions. Further study of this issue may provide more
detailed information about the solution-state surface chemistry of
nanoparticles.

CONCLUSIONS

We report here the size exclusion chromatography of nanoc-
rystalline CdSe; these data yield quantitative information about
nanocrystal size, shape, and size distribution. This is shown
through the size-dependent optical properties of nanocrystalline
CdSe as well as confirmed by direct comparisons between particle
sizes and distributions obtained from TEM and HPSEC. In
addition to particle size information, HPSEC provides information
about the surface cap thickness when the core diameter is known.
Also, recycling SEC techniques can be employed to improve the
resolution of analysis and provide more precise information about
sample modality than TEM. Shape separation is also possible with
this technique. The information provided by HPSEC, coupled with
its low cost, fast operation, and reliability, make size exclusion
chromatography an attractive method for standardizing nano-
crystalline materials directly in the solution state.
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