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Abstract: Nanoseparation and concomitant purification of nanoparticles by ultracentrifugation in a
nonhydroxylic organic density gradient has been demonstrated by separating several typical colloidal
nanoparticles, including Au, Ag, and CdSe. Successful separation of Au nanowires from their spherical
counterparts showed that colloidal particles can be separated not only by size but also morphology. In
addition to extending the range of colloidal systems which can be separated and providing monodisperse
samples that cannot be obtained by synthesis optimization alone, this method simplifies the postsynthesis
treatment process and facilitates subsequent bulk assembly of the monodisperse colloids. Dissolution of
organic polymers in the gradient medium both enhances the separation efficiency and also allows the
direct fabrication of functional composite films with discrete monodisperse nanoparticles embedded inside.

Introduction

Nanoseparation is attracting more and more interest as an
important and effective complementary process to synthesis
optimization for providing strictly monodisperse nanoparticles
(NPs) for investigations of their size- or shape-dependent
properties®” A variety of separation methods, including
magnetic separation, selective precipitation,? filtration/diafiltra-
tion,>* electrophoresis,® and chromatographic methods®” have
been explored as different ways of attaining particle fractions
with ultranarrow shape and size distributions. The density
gradient ultracentrifugation method—a general, nondestructive
and scalable separation method adapted from biomacromolecular
separation technology®—has recently demonstrated its high
potential for sorting colloidal NPs according to their chemical,
structural, and size differences.® ¢ However, up to now, most
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ultracentrifugation separation work has focused on aqueous
density gradients and there have been few attempts to separate
organic-soluble functional NPs obtained by nonhydroxylic
synthetic routes. These have shown high potential for large scale
industrial production and application,*”~*° and hence developing
effective means for their separation is akey objective if progress
in this rapidly growing field is to be maintained.

Here we report the separation of colloidal NPs dispersed in
nonhydroxylic solvents using ultracentrifugation in an organic
density gradient which gives rapid separation and concomitant
purification. In addition to extending the range of colloidal
systems which can be separated, we found there are several other
advantages of using an organic density gradient rather than the
conventional agueous gradients. First, combining synthesis
optimization and separation can afford samples that cannot be
provided by synthesis optimization alone. Second, colloidal NPs
synthesized and dispersed in an organic medium can be directly
separated after synthesis without transfer to an aqueous medium,
which avoids the possible aggregation and clustering of NPs
under nonoptimized conditions. Third, since the density gradi-
ents are composed of organic solvents without any solid
additives, the solvents can be evaporated without leaving any
residue, facilitating bulk assembly of the resulting monodisperse
colloids after fractionation. Last and by no means least
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Figure 1. (A) Digital images of ultracentrifuge vessels containing Au nanoparticles before (left vessel) and after (right vessel) separation at 25000 rpm for
12 min. (B) TEM images of typical fractions. The graph in the bottom right corner shows a comparison of the size distribution difference before (red
columns in the upper section) and after (colored columns in the lower section) centrifugation separation. Each size histograms was measured from at least

200 particles.

important, athird component—typically an organic polymer such
as polystyrene (PS)—can be dissolved as part of the gradient
medium. Colloidal NPs with focused size distribution can thus
be captured in the gradient together with polymers, and these
fractions can be fabricated into functional composite films with
discrete NPs embedded inside by vaporizing the solvent. In this
paper, we demonstrate the above features by separating several
typical colloidal functional metal (Au, Ag) and semiconductor
(CdSe) NPs with different shape and size ranges.

Results and Discussion

The first sample employed to demonstrate the separation
efficacy was Au NPs synthesized following the reported
method.?® The principles and experimental details of the
separation methodology can be found in our previous reports'® ¢
(and the Supporting Information, Sl), but the gradient-making
materials used here are nonpolar organic solvents, cyclohexane
and tetrachloromethane, rather than water as used in our previous
work. In brief, a thin layer (usualy 0.1-0.4 mL) of the Au
colloidal suspension to be separated is floated on a density
gradient made by mixing different ratios of cyclohexane and
tetrachloromethane (50—90% of CCl, by volume; density range,
1.13—1.41 g/cmd), as labeled beside the centrifuge vessel shown
in Figure 1A. It should be stressed that no preliminary
purification is necessary prior to the gradient separation: the
Au colloidal suspension is used directly after synthesis, and
hence contains impurities like oleylamine. As the suspended
Au particles (Au concentration: ~1 mg/mL) are well wrapped
and isolated by oleylamine, they can be considered as sedi-
menting idedly as discrete entities during the subsequent
centrifugation. Particles with a given sedimentation rate, which
is determined by size and shape for a given material, travel down
the centrifuge vessel as a separate zone. When the sedimentation
is stopped before the particles reach their density equilibria by
removing the centrifugal force, the particles are captured and
sorted along the vessel. Here we centrifuged at 25000 rpm
(~80000g) for 12 min. Figure 1B shows that the yellow colored
reaction solution containing oleylamine was retained at the top
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of gradient because of its low molecular weight, while Au NPs
moved to subsequent layers. Samples for TEM were made by
directly drying individual separated fractions on carbon films
on copper grids. The clear images obtained are evidence for
purification having been achieved, since impurities such as
oleylamine would result in blurred images if present. TEM
results of fraction 3 (labeled as “f3” in Figure 1B) contained
~4.8 nm Au NPs. The average particle diameter of subsequent
fractions (f6, f9, 12, and f15) gradually increased from 7.2,
8.0, 9.310 10.9 nm, respectively. The size deviation was usually
<1.5 nm as indicated by the histograms of particle size (see Sl,
Figure S1). Since there are thousands of organic solvents with
tunable polarity and solubility that can be used for generating
density gradients, as long as they are miscible with the NP
concerned and possess different density, separation using organic
density gradients significantly widens the range of applicable
colloidal NP systems.

It is well-known that the sedimentation speed of the particles
increases as the centrifugal force increases. Thus, more rapid
separation can be achieved by simply increasing centrifugation
speed. As an example, we separated the same batch of Au NPs
asin Figure 1 using a reduced centrifugation time (5 min) by
increasing the centrifugation speed to 50000 rpm (~330000g,
Figures S2 and S3 in the Sl) with the same density gradient.
The method can also be extended to the separation of Ag NPs
(Ag concentration: ~1.1 mg/mL), but since they possesses |ower
mass density than Au but similar size, the centrifugation time
had to be extended to 8 min (Figures $4 and S5 in the SI) to
afford similar distributions aong the centrifugation vessel.

NPs can be separated not only by size, but aso by shape
because the latter influences the ratio of mass to frictional
constant, which is one of the key factors affecting the terminal
velocity.?* This provides an opportunity to obtain samples with
distinctive shapes that are difficult to prepare in a “pure” form
by synthesis optimization alone. Sub-2 nm diameter Au nano-
wires (NWs) are generally obtained as a mixture containing Au
NPs.?2 Ultracentrifuge separation can separate these two com-
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Figure 2. Typical TEM images of (A—C) separated ultrathin Au nanowires
in f3 and (D) f5, and nanoparticles separated in (E) 9 and (F) f24.

Figure 3. Typicd TEM images of self-assembled monodisperse Au
nanoparticles with size range of (A) 8.7 £ 1 nmand (B, C) 12.0 + 1 nm.

ponents (Au concentration: ~1 mg/mL) because the high aspect
ratio of the NWs leads to them experiencing much higher
friction than the spherical NPs, and they were thus captured in
the upper layer (f3) (Figure 2A—C). The next layer (f5)
contained a majority of nanowires, but with some small NPs
(Figure 2D). Following the transitional layer, monodisperse
spherical NPs appeared and were sorted according to size in
the subsequent layers (Figure 2E,F).

One of the features of monodisperse NPs is their capability
to self-assemble into superstructures. We demonstrate this by
assembly into an Au NP thin film at the interface of a good
solvent (cyclohexane) and antisolvent (ethanol)? after separa-
tion. The setup is shown in Figure S6 in the Sl. Ethanol was
injected beneath a cyclohexane solution of Au NPs, thusraising
it up. As diffusion of ethanol into the cyclohexane layer
proceeded, the Au NPs near the cyclohexane—ethanol interface
clustered and aggregated to form a monolayer NP film. Thisis
acommon observation for monodisperse NPswith different size
ranges, and results in close packed hexagonal superlattices
(Figure 3A—C). Forming films by such close packing provides
new opportunities for using the materials in sensing or other
optical property investigations.?*

To make the separation more visible, CdSe NPs (CdSe
concentration: ~25 mg/mL), which are well-known for their
size-dependent fluorescence,?® were synthesized?® and separated
using the cyclohexane + tetrachloromethane gradient. Figure
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4A shows photographs of the centrifuge vessel under white light
(left) and irradiation by 365 nm UV light (right). Since the
fluorescence of CdSe NPs depends on their size, the different
colored bands observed along the vessel are evidence of size
separation, as larger nanocrystals with more red-shifted emis-
sions were observed at lower positions of the separation column.
High resolution transmission electron microscopy (HRTEM)
gave direct evidence which confirmed the size separation (Figure
4).

Polystyrene (PS), as atypical polymer, was introduced into
the cyclohexane + tetrachloromethane gradient to make a
polymer-containing density gradient and to further assist in the
separation of oleic acid-wrapped CdSe NPs (CdSe concentration:
~25 mg/mL). It can be clearly seen that the bands in the PS-
containing gradient showed much more limited movement
(Figure 5A-I1) than in the absence of PS (Figure 5A-1) after 60
min centrifugation at 50000 rpm (~330000g). This suggests
that PS slowed down the sedimentation of CdSe NPs by
increasing the viscosity of the layers. The CdSe NPs reached
essentialy the same separation as in Figure 5A-1 when the
centrifugation time was almost doubled (110 min, Figure 5A-
[1). The colored bands were transferred to plastic vias (see
Figure S7 in the SI,) and used for subsequent fluorescence
measurements (Figure 5B,C).

Optical fluorescence spectra from various zones aong the
vessel were clearly increasingly red-shifted on descending the
vessel, quantitatively confirming the size evolution. The origina
CdSe solution showed awide (>100 nm) fluorescence spectrum
(the black lines in Figure 5B,C) with two peaks around 450
and 550 nm. The 450 nm peak results from oleic acid, as can
be seen by comparison with the spectrum of a solution of oleic
acid in cyclohexane (curve OA in Figure 5B,C). Theincreasing
red shift is observed throughout the successive fractions of the
PS-containing gradient (Figure 5C, as seen for the pairs of curves
labeled in the same colors; please refer to Figure 5A for fraction
number labeling), but the discrimination effect is lost in the
last few fractions in the absence of PS (Figure 5B, as labeled
with the same colors of lines). The fluorescence spectra of most
fractions are typically ~50 nm in width at half peak height,
while the lowest fractions in the gradient without PS (e.g., 32
in Figure 5B), showed peaks as wide as 90 nm. This might be
caused by clustering of large and smal NPs, or droplet
sedimentation,>” which disturbed the separation. The absence
of such mixing effects in the PS-containing gradient suggests
that PS-incorporation enhances the separation, possibly by
stabilizing the gradient layers and declustering the NPs.

In addition to enhancing the separation efficiency, the addition
of polymers also offers the possibility of directly fabricating
composite films with monodisperse and discrete NPs embedded
inside them. We show here how fractions containing both PS
and monodisperse CdSe NPs with different size ranges were
transformed into colorful composite films after driving off the
cyclohexane and tetrachloromethane. Since the liquid can be
filled into any preformed template, such as the concave
rectangular grooves on a polymer film (Figure 5D), colorful
words or patterns can be written using the fractions as different
colored inks. The as-formed films are highly flexible (Figure
S7C in the Sl), highlighting their potential applications in
labeling, panel display, and information technology.

Further investigation indicated that the full width at the half
peak (FWHP) in the spectra of fractions can be reduced to as
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Figure 4. (A) Digital camera images of ultracentrifuge vessels containing CdSe nanoparticles using a cyclohexane + tetrachloromethane gradient after
separation at 50000 rpm for 60 min. The left image was recorded under white light; the right image was recorded under UV irradiation at 365 nm. (B)
HRTEM images of typical CdSe nanoparticle fractions. Magnified individual nanoparticles are shown in the insets (the bars in the insets are 2 nm). The
graph in the bottom right corner shows the size evolution of particles along the centrifuge vessel.
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Figure 5. (A) Digital camera images of ultracentrifuge vessels containing CdSe NPs: (vessel 1) PS-free gradient, 60 min centrifugation at 50000 rpm;
(vessel 1) PS-containing gradient, 60 min centrifugation at 50000 rpm; and (vessel I11) PS-containing gradient, 110 min centrifugation at 50000 rpm. All
images were recorded under UV irradiation at 365 nm. (B) Fluorescence spectra of typical fractions obtained from vessel |, PS-free gradient. (C) Fluorescence
spectra of fractions obtained from vessel |11, PS-containing gradient. (D) Digital image of composite strips converted from PS-containing fractions of CdSe
NPs with different sizes, recorded under UV irradiation at 365 nm (size: 105 mm x 20 mm).

low as 30 nm, using the same strategy and a “green” CdSe
sample with initial FWHP of 50 nm as the starting sample (see
Figure S8 in the Sl). The above results demonstrate the
versatility and efficacy of our NP separation method. Although
there have been many reports of the synthesis of relatively
monodisperse NPs, when the target NPs are extremely small
(<10 nm), even sub-1 nm deviations in size result in significant
polydispersity. In such cases, postsynthesis size separation is
essential since the required monodispersity cannot be achieved
by synthesis optimization alone.

For practical purposes, it will be necessary to scale-up the
process described here for the separation of NPs. In conventional
biomacromolecular separations, the reorienting gradient rotor
principle?®—in which a static gradient is reoriented into aradial
configuration during acceleration and is subsequently recovered
initsoriginal orientation at rest—makes feasible the construction
of high-speed, large-volume rotors suitable for scale-up of
separations and the same approach should be applicable to the

(28) Anderson, N. G.; Burger, C. L. Science 1962, 136, 646-648.

2336 J. AM. CHEM. SOC. m VOL. 132, NO. 7, 2010

separation of NPs using an organic density gradient. Such work
is currently underway in our laboratory.

Conclusion

A simple, rapid, and effective organic density gradient
centrifugation method has been developed for separation and
purification of nanocrystals. Colloidal NPs with different size
and shape, and different chemical and physical properties, can
be separated by sedimentation at different rates as long as they
are dispersible in a mixture of miscible organic solvents. The
separated and purified NPs can self-assemble into superlattices
by selective aggregation at interfaces. Polymers can be incor-
porated into the gradient in order to enhance the separation and
the resultant fractions can be fabricated into functional composite
films by vaporizing the gradient-making solvents. Since alarge
number of metal and semiconductor colloidal NPs are synthe-
sized in organic systems, the separation, purification, and
transformation method described here can be employed directly
on the crude product mixture and has high potential to contribute
to the development of future advanced science and technology
based on functional nanocrystals.
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