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N
anoparticles (NPs) hold great pro-
mise in a vast number of fields in-
cluding sensing,1�3 catalysis,4 med-

icine,5,6 water treatment,7 electronics,8 solar
cells9 and optics.10 Most of these applica-
tions require precise control over the NPs
themselves in terms of size, shape, concen-
tration, monodispersity and the medium in
which they are suspended. Furthermore,
there has been intense research focused
on the synthesis of ever more complex
particles with unique properties,11 such as
complex nonspherical geometries,12 or
even NPs with unique surface chemistries.13

However, some of the common chemicals
used in these processes such as surfac-
tants,14 dyes,15 and polymers16 are difficult
to remove completely and can be detrimen-
tal in some applications. The synthesis of
nonspherical NPs generally also suffer from
broad size and/or geometry distributions.17

Finally, the NP concentration is an over-
looked physical property of NP solutions.
So called 'nanofluids' (colloidal solutions
with a high nanoparticle content) display
remarkably varied physical properties as
a function of NP concentration; however,
very few techniques exist that can efficiently

increase the concentrationwithout inducing
irreversible aggregation.18 There is there-
fore a need for efficient methods that will
achieve size/shape separation and purify
the NPs from chemical contaminants, as
well as increase the concentration of NPs
without aggregation. Here, we present a
method which allows for the rapid forma-
tion of ultraconcentrated gold NP aqueous
solutions. As far as we are aware, this is the
highest density aqueous NP solution known
to date. We also show that this method can
lead to highly efficient chemical purification
and size separation of NPs.
The general operating mechanism is as

follows: In the presence of a denser organic
phase, aqueous NPs can be driven to the
liquid�liquid interface (LLI), or in our case
aqueous|1,2-dichloroethane interface, by
a centrifugal force. Provided that the differ-
ence in solvation energies19,20 are high
enough to prevent a transfer of NPs across
the interface, this leads to an increase in the
concentration of particles directly adjacent
to the interface.The concentration gradient
also gives rise to a density gradient which
upon reaching a critical density, may induce
instabilities at the interface, leading to the
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ABSTRACT We demonstrate a highly efficient method for concentrating, purifying

and separating gold nanoparticles. The method relies on localized density gradients that

can be formed at an aqueous | organic phase interface. We show that this method is able

to concentrate aqueous gold nanoparticles to the point where confinement leads to

variable interparticle separations. Furthermore, the physical properties of the resulting

solution are drastically altered when compared to water. For example, densities higher than 4.5 g/cm3 could be generated without nanoparticle

aggregation. As far as we are aware, this is one of the highest reported densities of an aqueous solution at room temperature. Finally, the compositions of

the solutions generated are highly dependent on parameters such as particle size and background analyte making this technique highly advantageous for

the separation of multimodal NP populations and chemical purification, with 99.5% and >99.9% efficiency, respectively.
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formation of NP rich droplets which sediment and
merge at the bottom of the centrifuge tube (Figure 1A).
It should be noted that droplet generation ensures
that the particles remain dispersed in an aqueous
environment, in other words, phase transfer does not
occur. The critical density for this process is related to
the following: the difference in density between the
organic and aqueous phase, and the interfacial tension
(a water|1,2-dichloroethane (DCE) interface has an
interfacial tension of 28.1 mN/m at 20 �C; the DCE
has a density of 1.253 g/cm3 at 20 �C). The NP con-
centration in these droplets is high enough that elec-
trostatic repulsion, screened by the ions of electrolyte,
may induce local, short-range order. The interparticle
spacing can be further controlled through the con-
centration of electrolyte, the increase of which will
decrease the screening length. The resulting NP con-
centration levels at appropriate ionic strengths can
exceed 3.7 g of Au/mL of solution, reaching densities
of 4.5 g/cm3

RESULTS AND DISCUSSION

Nanoparticle-Rich Droplet Formation and Concentration.
Recently Turek et al. have demonstrated that centrifu-
gation can be used to facilitate NP adsorption at a LLI
made up of an aqueous solution consisting of NaCl and
16 ( 2.4 nm Au NPs functionalized with 12-mercapto-
dodecanoic acid (MDDA) and DCE.10 The particles
adsorbed at the interface were characterized as a

function of the ionic strength of the solution, relative
centrifugal force, centrifugation time, pH, and the
interfacial area. We build on this by operating with
low ionic strength aqueous solutions (NaCl equivalent
concentration of 1.0�8.5 mM) to limit NP adsorption
and facilitate a concentration gradient at the LLI. By
doing so, an aqueous droplet containing an extremely
high NP concentration can be formed at the bottom of
the DCE layer. Experimentally this was performed in a
2 mL centrifuge tube, consisting of 0.5 mL of DCE and
1 mL of NP solution, with a total number of NPs
between 9.4 � 1011 and 1.4 � 1013. To determine
how many NPs transfer from the bulk to the droplet,
the initial NP concentration in the bulk aqueous phase
was varied between 1.5 and 23 nM (Figure 2B). A
seemingly linear relationship was observed for the
number of particles confined to the droplet with
increasing initial concentration in the bulk of the
aqueous phase; the percentage of the initial NPs
confined to the droplet increased from 50% at 1.5 nM

Figure 1. Schematic and mechanism of ultraconcentration.
(A) Centrifugation of an aqueous nanoparticle solution in
the presence of DCE (i) leads to an extremely concentrated
NP droplet being formed at the bottom of the DCE (ii). The
supernatant can be easily removed and replaced with pure
water (iii), if contact is made with this phase the droplet can
be redispersed (iv). (B) The centrifugal force acts on the NPs
(i) and drives them to the interface (ii) above a critical
threshold density, the interface is deformed (iii) and even-
tually a NP-rich droplet breaks off from the main aqueous
phase (iv).

Figure 2. Characterization of the initial NP concentration
dependence on the NP-rich droplet formation and the
stability of the ultraconcentrated NPs. (A) Initial NP concen-
tration dependence on the number of NPs in the droplet
(black) and residual particles in the supernatant (red) at an
initial NaCl equivalent concentration of 2.5mM, centrifuged
at 20 238g for 15 min. The constant residual NPs in the
supernatant represents a threshold, belowwhichnodroplet
is formed, while the NPs in the droplet follow a y = 0.58x �
0.68 dependency. (B) Comparison of the normalized absor-
bance of as made NPs (red) and a 20 000-fold dilution of the
NP-rich droplet (black). The fact that no red-shifted
'shoulder' is seen in the spectrum of the diluted sample
suggests that the method does not induce aggregation.
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to 93% at 23 nM as determined through UV�Vis
spectroscopy. However, the number of residual parti-
cles in the supernatant remained approximately con-
stant, at a value of ≈9.4 � 1011 NPs irrespective of the
initial concentration. This constant value is a threshold
for the minimum number of NPs needed for this
method to work;below this, no droplet is formed.
On the basis of these observations, the mechanism
that is proposed for the droplet generation is shown in
Figure 1B. Upon centrifugation the NPs in the aqueous
phase are driven to the interface (Figure 1B i), if the
initial number of particles is above the threshold value,
then the local density of the aqueous side of the interface
is increased (Figure 1B ii) to the point where it is en-
ergetically more favorable to generate "extra" interfacial
area (Figure 1B iii). Once the density gradient is estab-
lished, the droplets break away from the interface and
sediment at the bottom of the DCE phase (Figure 1B iv).
At this point, the residual particles in the supernatant are
insufficiently concentrated to obtain a sufficient density
gradient for this process to be repeated.

Since the formed droplet is an extremely concen-
trated gold NP solution, we need to significantly dilute
the sample to recover the absorbance. The droplet,
formed from an aqueous solution containing an equi-
valent of 1 mM NaCl (as assessed from conductivity
measurements), revealed the absorbance at 525 nm to
be 20 300 ( 19%. When an extinction coefficient of
4.916 � 108M�1 cm�1 was used,21 the NP concentra-
tion in the droplet was determined to be ≈41.3 μM or
2.49 � 1016 ( 4.70� 1015 NPs/mL. Given a weight per
nanoparticle of 4.40� 10�17( 1.94� 10�17 g, the total
gold content of this solution is 1.10 ( 0.53 g Au/mL.
Interestingly, the density of this solution was deter-
mined to be 2.24 ( 0.64 g/cm3 (cf. Supporting
Information). It should be noted that the density and
dilution values are in agreement on the estimated
NP concentrations, i.e., from the density (assuming a
negligible density contribution from the ions and NP
functionality) the weight of gold in the solution would
be 1.30 ( 0.67 g/mL.

It was decided to test whether the salt concentra-
tion can control the concentration of NPs by altering
the screening length. It then follows that an increase of
the ionic strength leads to higher NP concentrations.
This was verified by monitoring the density of the
resulting solution as a function of the ionic strength
of the initial preconcentrated solution (1.0�8.5 mM
equivalent NaCl). As shown in Figure 3A, a strong effect
of NaCl content on the concentration of NPs in the
droplet is observed. Surprisingly, at an initial NaCl
concentration of 8.5 mM, the resulting NP-rich droplet
has a density of 4.57 ( 0.26 g/cm3 and is therefore
higher than even a saturated Clerici solution at room
temperature.22 This density corresponds to a solution
which is composed of almost 20 vol% gold. To the best
of the authors' knowledge, this is the highest density

aqueous solution that has been demonstrated at room
temperature; however, it should be stressed that high-
er densities still are likely to be accessible with this
method. Furthermore, the NP concentration of this
solution is 9.09 � 1016 NPs/mL or 3.76 g of gold/mL;
the optical density at 525 nm is therefore expected to

Figure 3. Tunable properties of the NP-rich droplet as a
function of salt concentration. (A) Density of the resulting
NP-rich droplet as a function of the ionic strength. There is a
strong dependence between the density of the resulting
droplet on the NaCl concentration, due to more efficient
screening of the NPs' charge, reaching a density of 4.57 (
0.26 g/cm3 at an NaCl equivalent of 8.5 mM. (B) Experi-
mental results (red) and simulations (black) of the LSPR
maximum of the NP-rich droplet as function of the inter-
particle separations agree well with each other (note: experi-
mental separations are approximated from the density). This
indicates that the position of the NPs with respect to each
other can be tuned by the ionic strength. (C) Low angle X-ray
diffraction pattern of a solution made at 4.5 mM equivalent
NaCl confirms there is positional correlation between the
NPs, with a center�center separation of 29 nm.
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be in excess of 74 000. Taking the surface of the MDDA
as the edge of the physical radius of NPs (and assuming
this functionality to provide a 1.5 nm steric coating),
then this colloidal solution has an active surface area of
73 m2/mL.

The strong dependence of the density on the NaCl
concentration suggests that the separation between
the particles is dictated by the ionic screening. If
metallic NPs get close enough to each other, the
coupling of localized plasmons in each of them leads
to a red shift of the localized surface plasmon resonance
(LSPR). Transmission measurements (see Supporting
Information) of the resulting solutions (Figure 3B)
made between 2.0 and 8.5 mM equivalent NaCl con-
firms that a red-shift between 525.2( 0.3 and 530.6(
0.2 nm is observed as the NaCl concentration is
increased. From the densities of the solutions at these
NaCl concentrations, the interparticle separationswere
estimated by assuming the particles reside as far away
from each other as possible and a negligible contribu-
tion from the counterions and functionality to the
overall density of the solution. A comparison of spectra
obtained from Finite Integration Techniques (FIT) com-
puter simulations (see Supporting Information) sug-
gests that these LSPR maxima correspond to gold
surface/gold surface separations between neighboring
NPs of 10�15 nm.

These figures are supported further by X-ray diffrac-
tion (Figure 3C). A NP-rich dropletmade at 4.5mMNaCl
equivalent shows a sharp interference peak in the
small angle region which was interpreted as the first
order peak of the particle�particle structure factor.
This peak indicates that the average center�
center interparticle separation is ≈29 nm. Working
back from the density, the estimated center�center
separation for this sample is 28.5 nm, which is in
excellent agreement. Further experimentation is needed
to fully characterize this, but there is strong evidence
that this method is capable of concentrating NPs to
levels at which the interparticle separations are con-
trolled in 3 dimensions. The lack of long-range order in
these samples is attributed to a relaxation of the
compressive force when centrifugation is stopped;
nevertheless the physical confinement and electro-
static repulsion give rise to short-range order.

Surprisingly, despite such high concentrations,
there is no evidence of aggregation. Figure 2B shows
a comparison between the normalized spectra of 'as-
made' NPs and a 20 000-fold diluted sample from a NP-
rich droplet made at 1 mM NaCl. Given even mild
aggregation, the broadness of the dipole peak should
increase; however, this is not observed in the diluted
NPs' absorbance spectra. The lack of aggregation
is likely due to the exceptional stability of MDDA
stabilized NPs as described elsewhere.10 Perhaps more
surprising is that even citrate stabilized particles
can be concentrated in this manner without initial

aggregation. However, it should be noted that citrate
stabilized NPs have a short-lived stability and aggre-
gate irreversibly within approximately 30 min of dro-
plet formation. Despite this, it is hypothesized that the
initial stability of citrate particles at these concentrations
is due to the fact that the forces acting on the NPs with
this method are the same as during conventional
centrifugation. Consequently if the NPs do not aggre-
gate during conventional centrifugation, the probabil-
ity that theNPswill be stable in thehighdensity droplet is
greater; however, this stability may be short-lived.
Naturally, the versatility of this method can be ex-
tended to systems other than Au NPs as long as the
NPs to have a sufficiently high sedimentation coefficient.

An interesting question related to this is why
the functionalized NPs are in principle able to come
at such close surface-to-surface separations in electro-
lytic solutions while not fusing? This could be under-
stood using the Donnan equilibrium, which potentially
manifests itself here due to a spontaneous increase
salt concentration as the NPs are pushed into close
proximity.

Figure 4. Comparison between conventional centrifuga-
tion and this method for the purification of NPs in the
presence of a dye. (A) After a single step, conventional
centrifugation (blue) is able to purify 95.2( 0.8% of the dye
Rose Bengal (red dotted), while the second step (green)
purifies an additional 90.0( 3.0%of the dye to a final purity
of 99.5( 0.1%; when compared to as-made particles (black
dotted), a clear shift in the absorbance spectrum can still be
seen. (B) After a single step forming the NP-rich droplet, and
redispersing inwater (green) in excess of 99.9%of the dye is
removed. Somuch so, that there is a negligible difference in
the absorbance spectrum between the as-made and pur-
ified NPs. For both comparisons, the NP solutions were
contaminated with 2 mM Rose Bengal and centrifugation
was carried out at 20 238g for 15 min.
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Nanoparticle Purification and Size Separation. Dilution of
the concentrated droplet back to as-made concentra-
tions with DI water effectively acts as a purification
mechanism. The LLI confines the particles to the
droplet, which together with the high density of this
solution makes its separation from the supernatant
trivial. To test the levels of purification that can be
achieved, a dye (Rose Bengal) was added to the aque-
ous NP solution (with a total of 8.9 � 1012 NPs) at a
concentration of 2 mM. Conventional centrifugation
was compared to the droplet generation method, as is
shown in Figure 4. After a single step, conventional
centrifugation removed 95.2 ( 0.8% of the dye, while
the second step removed a further 90.0( 3.0%, to give
a total purity of 99.5( 0.1% after 2 steps. Conversely, a
single purification stepwith ourmethod leads to purity
levels that could not be accurately measured by
UV�visible spectroscopy (due to an almost perfect
overlap between the purified and uncontaminated
NPs), but is in excess of 99.9%. This purification can
also be applied to reducing the ionic strength of
the NP solution. For example, the conductivity of
the initial NP solution was 217 μS/cm while diluting
the droplet with ultrapure water back to the as-made
concentrations leads to a reduced conductivity of
1.4 μS/cm. Reducing the ionic strength aids stabilization

of the nanoparticles through the increase in Debye
screening length.

The efficiency of the purification relies on a differ-
ence in the sedimentation coefficient of the particles
and dissolved species. Because of a large difference
between the size of the nanoparticles and chemical
species, this process proves to be extremely efficient.
However, the same principle can be applied to sepa-
rate NPs of differing sizes. For example, Figure 5A
shows a mixture of 16 nm MDDA and 43 nm citrate
gold particles, mixed in a 1:1 (v/v) ratio of as-made
solutions; this equates to approximately 6.0 � 1011

16 nm and 3.1 � 1010 43 nm NPs per mL. Centrifuging
themixture at 1503g for 15min results in the formation
of a droplet consisting predominately of 43 nm NPs,
Figure 5B. It is worth noting that optimizing the RCF
may maximize the separation efficiency; however, this
was not investigated in detail. Analysis of electron
microscopy images of over 5000 particles (done by
manually counting the particles from SEM) showed
that the ratio of 16:40 nm particles was 21.57 for the
initial mixed solution, and 0.10 in the separated NP-rich
droplet. This suggests a≈210 enrichment of the 43 nm
NPs. This has important implications in NP synthe-
sis where multimodal size distributions are present.
This is a common problem with more advanced NP

Figure 5. Demonstration of size separation of NP solutions. (A and B) Mixture of 16 and 43 nm gold particles. (C and D)
Separated 43 nm particles after 15 min at 1503g. On the basis of the analysis of over 5000 NPs, there is a 99.5% removal of
16 nm NPs and a 210-fold enrichment of 43 nm particles. Scale bar for (A) and (C) is 200 nm, for (B) and (D) it is 50 nm.
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syntheses, where despite numerous reports in the
literature describing nanometer control over the di-
mensions of nanoparticles, secondary nanostructures
also arise. As an example, the "standard" gold nanorod
synthesis14 has exquisite control over the aspect ratio
of the rods,23 however 3 distinct particle populations
are present� rods as well as large and small spheres.24

Because of the properties of NPs being extremely size
and shape specific,25 these secondary particle con-
taminants are extremely deleterious to many of the
applications that NPs promise. Indeed, one of the most
time-consuming elements of many nonspherical na-
noparticle syntheses is purification and size separation
of the desired product. Naturally, the droplet formation
process demonstrated here is a nonuniversal separa-
tion technique as only the larger particles (or those
with a higher sedimentation coefficient) may be con-
fined to the droplet. Furthermore, as Figure 2A demon-
strated, a constant number of particles need to act
as the 'sacrificial' particles for the critical density
for droplet formation to be reached. If the smaller
particles act as these sacrificial particles, then the
separation efficiency is likely to be optimum, how-
ever if the concentration of the smaller particles
becomes large enough to also form a droplet, then
separation efficiencies are expected to be reduced.
Nevertheless, if the conditions for separation are
appropriately chosen, then this technique can be
remarkably efficient for size separation. The speed,
simplicity and efficiency that this technique offers
are therefore highly pertinent to researchers work-
ing with NPs.

CONCLUSIONS
In conclusion, it has been demonstrated that by

centrifuging a NP solution in the presence of a denser,
insoluble phase (in this case water and DCE) after a
single step, gold NP concentrations in excess of 3.7 g of
gold/mL can be rapidly achieved. The density of the
resulting aqueous phase can be tuned by the ionic
strength and can exceed even the Clerici solution. At
8.5mMNaCl equivalent, the density was determined to
be 4.57( 0.26 g/cm3 and is, to the best of the authors'
knowledge, the highest density aqueous phase that
has yet been demonstrated. Moreover, in this concen-
tration the interparticle separation can be controlled in
three dimensions. In addition, this method has also
been shown to be extremely efficient in the purification
and size separation of NPs, with an efficiency of >99.9%
and 99.5%, respectively. It should be noted that the
minimum weight/size of the NPs that is needed for this
method to work is likely to be dependent on specifics of
individual equipment/instruments rather than a univer-
sal property. Provided that the effective density of the
solution directly adjacent to the interface is sufficiently
large, then there is no obvious reason to expect any
fundamental constraints on particle size. The simplicity,
versatility, speed and efficiency of this technique allow it
to bewidely used for NP handling, while the remarkable
physical properties of the resulting solutions will find
applications as novel advanced materials. Of particular
interest would be to determine the thermal conductiv-
ities of such solutions as the confinement of the NPs
may significantly enhance the conductivity as com-
pared to water.

EXPERIMENTAL SECTION
Equipment Used. UV�vis measurements were performed

with a Nanodrop 2000c spectrometer using PMMA cuvettes.
An Eppendorf 5424 centrifuge with a FA-45-24-11 rotor with a
radius of 8.4 cm was used, capable of holding 24 � 2 mL
centrifuge tubes at an angle of 45� with a maximum relative
centrifugal force (RCF) of 20 238g (14 680 rpm). A Beckmann
Coulter DelsaNano C dynamic light scattering machine was
used for hydrodynamic particle sizing and zeta potential mea-
surements. A Leo Gemini 1525 FEGSEM scanning electron
microscope and a JEOL 2010 transmission electron microscope
were used to size the NPs and demonstrate size separation. A
Mettler-Toledo SevenGo Duo pro pH/ion/conductivity meter
was used for conductivity measurements.

In all cases, ultrapure water with a resistivity of 18.2 MΩ 3 cm
was used. All chemicals were purchased from Sigma-Aldrich UK
and used without further purification. Chemicals used were the
following: HAuCl4 3≈3H2O (fw 339.79 (anhydrous), 99.999%
trace metal basis); trisodium citrate dihydrate (fw 294.10,
g99%); 12-mercaptododecanoic acid (MDDA, fw 232.38, 99%);
methanol (MeOH, CHROMASOLV, HPLC grade, g99.9%); 1,2-
dichloroethane (DCE) (ACS reagent, g99.0%).

MDDA stabilized 16 nm gold nanoparticles were prepared
as described previously.10 Briefly, 8.6 mg of HAuCl4 3 3H2O (5 mg
gold) was dissolved in 95 mL of H2O and brought to 100 �C.
Under stirring, 5 mL of 13.6 mM sodium citrate solution was
then added to the refluxing mixture. The initially faint-yellow

solution gradually turned dark-blue followed by wine-red over
a period of 10 min. At this point the NPs were measured to
have a hydrodynamic diameter, electrophoretic mobility, and
zetapotential of 20(4nm,�3.60� 10�4 cm2/(V s), and�47.0mV,
respectively. The size of the particles was verified to be 16.3 (
2.4 nm using an SEM and TEM. Once the reaction had gone to
completion (typically 15 min), the temperature was reduced to
60 �C. Thiswas followedby the addition ofMDDA (5mg) dissolved
in MeOH (0.5 mL). The functionalization was allowed to continue
for at least 1 h to ensure complete monolayer coverage, after
which the mixture was allowed to slowly cool with continuous
stirring for at least an extra hour. The excess MDDA precipitated
out and was removed by filtration. The functionalized NP typically
had a hydrodynamic diameter of 26 ( 7 nm, electrophoretic
mobilityof�4.37� 10�4 cm2/(Vs), andazetapotentialof�57.0mV.
The solution typically had a conductivity of 217 μS/cm.

The 43 nm gold particles were synthesized as above with
the exception of adding 5 mL of 6.39 mM sodium citrate
solution to the refluxing gold salt solution. These particles were
not subsequently functionalized with MDDA. After synthesis,
the concentration of the citrate ions in the solution was
adjusted to be equivalent to that of the 16 nm solution. The
final particles had a hydrodynamic diameter of 64.7( 30.5 nm,
while SEM showed an average particle size of 43 ( 4 nm.

In all experiments, a 2 mL centrifuge tube, with 0.5 mL of
DCE and 1 mL of NP solution, was used. To pellet the 16 nm
particles, themaximumRCF setting on the centrifuge of 20 238g
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for 15min was applied. In the size-separation experiments, a 1:1
(vol/vol) mixture of 16 and 43 nm particles was used and
centrifuged at 1503g (a lower RCF was chosen to limit aggrega-
tion of the citrate stabilized 43 nm NPs) for 15 min. The pellets
were extracted by pipetting out the residual aqueous phase,
followed by extraction of the pellet encapsulated in a small
amount of DCE which was then allowed to evaporate off.

X-ray experiments were carried out on the high brilliance
beamline I22 at Diamond Light Source (DLS), U.K. The synchro-
tronX-ray beamwas tuned to awavelengthof 0.688Å (E=18keV),
having beam dimensions of approximately 320 � 250 μm, and
had a typical flux of 1012 photons s�1. The distance between the
sample and detector was set at 2.2 m, and the 2-D diffraction
patterns were recorded on a Pilatus 2M detector. Silver behe-
nate (a = 58.38 Å) was used to calibrate the low-angle X-ray
diffraction data. Diffraction imageswere analyzed using the IDL-
based AXcess software package, developed in-house by Dr A.
Heron.26 The measured X-ray spacings are accurate to (0.1 Å.
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