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ow particles move under the influ-

ence of external forces in liquids

is a fundamental question which
probes the nature of liquids on the nano-
scale as well as the interface between nano-
particles and their surrounding fluid." This
question also has taken on a practical im-
portance for nanoscience, where nanoparti-
cle movement in response to sedimenting
forces is becoming increasingly important
for processing. Centrifugation, for example,
has been applied for over a decade to im-
proving the size distribution of materials as
diverse as quantum dots and single-walled
carbon nanotubes.”>”® More recently, purifi-
cation of various types of nanoparticle com-
plexes in solution has relied on their differ-
ent sedimentation properties.'® In a
conventional centrifuge, it is often possible
to selectively remove a population of nano-
particles from a mixed sample, or narrow
size distributions for a broadly distributed
material.

These qualitative applications of cen-
trifugation suggest that a more quantita-
tive picture of the sedimentation pro-
cess could be of great value. Analytical
ultracentrifugation (AU) uses optical tools
to evaluate samples during a centrifuga-
tion procedure, ultimately providing a di-
rect visualization of the sedimentation of
particles. It has emerged as an important
tool in characterizing complex macromol-
ecules and their assemblies in both poly-
mer science and biochemistry."'=23 The
extension of this work to polymeric nano-
particles is straightforward, and investi-
gators often use it to evaluate the disper-
sion and purity of these samples in
suspension.''2*72° Careful analysis of AU
data has been particularly important for
determining the densities of spherical
polymers using the buoyant density
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ABSTRACT (entrifugation is an increasingly important technique for nanomaterial processing. Here, we examine
this process for gold, cadmium selenide, and iron oxide nanocrystals using an analytical ultracentrifuge. Such data provide
an accurate measure of the sedimentation coefficients for these materials, and we find that this parameter has a
significant dependence on the size and surface coating. Conventional models for particle sedimentation cannot capture
the behavior of these nanocrystals unless the density of the nanocrystals is described by a size-dependent term that
accounts for both the inorganic core and the organic coating. Using this modification in the particle sedimentation
framework, it is possible to estimate sedimentation coefficients from information about the nanocrystal core and surface
coating dimensions. Such data are useful in choosing the speeds for a centrifugation process and are particularly
important when bimodal nanocrystal distributions are present.
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method pioneered by Edelstein and
Schachman.'"'22%3% AU was historically
applied to gold colloids, and more recent
examples include nanocrystals of TiO,,
Fe;0,, CdS, ZrSO,, FePt, Pt, ZnO, and vari-
ous other metal clusters stabilized by mi-
celles or polymers.2'=*¢ In all of these
cases, AU data were employed as a com-
parative tool, usually with the aim of
evaluating particle growth or aggrega-
tion under varying conditions. Our group,
for example, recently applied AU to ex-
amine the formation of bionanoconju-
gates and to determine the concentra-
tion at which gold nanoparticles were
saturated with proteins.*” Despite its in-
creasing use in nanocrystal characteriza-
tion, quantitative information about the
sedimentation properties of nanocrystals
is only rarely estimated from AU data
sets.

Extracting a sample’s average sedimen-
tation coefficient, as well as its distribution,
from AU data is possible using several
analysis procedures. These parameters are
of fundamental interest to nanoscientists,
and they also are of practical importance for
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Figure 1. Overview of the analytical ultracentrifugation process. (A)
Prior to sedimentation, the sample is uniformly dispersed in the cell
(uniform cell on left). Once the centrifugation process starts, nanocrys-
tals will sediment and ultimately form a pellet in bottom of the cell
(non-uniform cell on right). (B) The instrument scans the absorption
spectrum of the entire cell from top to bottom during the process; this
results in raw data which display at different time intervals the opti-
cal density of the sample along the length of the cell.

nanoparticle separations. If sedimentation coefficients
for nanoparticles were known, then ultracentrifuges
could be used more efficiently and effectively for sepa-
rations of closely related populations. Generic models
that describe particle movement in a centrifuge can be
found in textbooks on colloidal science; they typically
balance the centrifugal force that promotes settling
against buoyancy, thermal diffusion, and viscous
drag.'®3° Whether these models work for nanocrystals
of dimensions under 20 nm is an outstanding question.
The sedimentation coefficients predicted by these
treatments assume macroscopic models for the solu-
tion characteristics. Additionally, for larger particles, the
material density is assumed to be a constant value and
independent of size; for inorganic nanocrystals, the
overall density of the particle will itself be a strong func-
tion of size, as the organic coatings will contribute more
to the density for smaller systems.?®3° Thus, nanoscale
materials present several features that may require sig-
nificant modifications to the standard framework for
particle sedimentation.

In this work we apply AU to measure the sedimenta-
tion coefficients of representative nanocrystals, and we
compare these data to conventional models for particle
settling. We rely on a variety of nanocrystals, including
gold, cadmium selenide, and iron oxide nanocrystals, to
demonstrate the generality of our findings. While these
materials are generally monodisperse, they do possess
size distributions and thus exhibit a spread in their sedi-
mentation coefficients. By varying the size, surface coat-
ing, and composition of the materials, we can examine
whether models for sedimentation generally need to be
modified for the specific case of nanocrystals. In particu-
lar, the inclusion of a size-dependent density in these
descriptions is essential to describe the observed ex-
perimental data; even with this correction, we find that
nanoparticle sedimentation depends more steeply on
size than predicted. Finally, we show how estimates of
the average sedimentation coefficients can permit

QR AN 17 - =
\/ \\&) VOL.2 = NO.2 = JAMISON ET AL.

more effective separation of a nanocrystal sample with
a bimodal distribution.

RESULTS AND DISCUSSION

The empirical sedimentation properties of any mate-
rial can be captured in a parameter known as the sedi-
mentation coefficient, s,. It can be estimated from raw
sedimentation data by evaluating how the boundary
demarcating a sedimenting species varies in time. Its
form was defined over 80 years ago by Svedberg for a
dilute suspension subject to centrifugal force:*®

5, = In(:—b)[wz(tb —t )" m

m

where w is the angular velocity and t,, and t,, are the
times, in seconds, at positions r, and r,,,, respectively.
Figure 1A shows a typical configuration for monitoring
particle settling in situ. Shown in Figure 1B are data col-
lected using an analytical ultracentrifuge which mea-
sures the absorption spectra along the cell’s length dur-
ing a sedimentation process. Equation 1 can be applied
to the resulting data to estimate a sedimentation coef-
ficient by comparing the position of the sedimentation
boundary (50%) at zero time to its position at later
times. From such an analysis we find an approximate
s, of 116 Sv (Svedberg units) for 4 nm diameter Fe;0,
nanocrystals in hexanes. This crude approach to finding
sedimentation coefficients in raw data is sufficient for
setting the optimal centrifugation speeds for separa-
tions of mixtures; however, to extract more quantita-
tive data requires a more complete model of the sedi-
mentation process.

During centrifugation, the sedimentation boundary
will broaden both because of the distribution of par-
ticle sizes in a sample and because of diffusion. Depend-
ing on the heterogeneity of the sample, these two ef-
fects can result in shifts of the average s, estimated with
eq 1 to higher values at longer times. To account for dif-
fusion, as well as the presence of many particle sizes,
we analyzed our raw data with the van
Holde—Weischet (VW) method to extract both an aver-
age s, and a distribution. This model is widely used for
biological samples and is well suited for deconvoluting
the effects of diffusion and sample heterogeneity on
the sedimenting boundary.*®*° The VW analysis pro-
duces a distribution of sedimentation coefficients for
every sample which we display here as an integrated
frequency distribution (Figure 2). We intentionally
chose to display our data as integrated distributions,
rather than the more conventional histogram distribu-
tion, so as to de-emphasize the wings of the distribu-
tion, where the VW analysis can produce scatter. A ver-
tical line in these plots is a sample with only one
sedimentation coefficient, while a positively sloped
line represents a distribution. Using this analysis pro-
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cess, we find that 4 nm diameter Fe;0, nanocrystals
have an average s, of 99.1 Sv.

Figure 2 shows the distribution in sedimentation co-
efficients for model nanocrystal samples of both cad-
mium selenide and iron oxide; raw data of the type
shown in Figure 1 were analyzed using the VW method
to provide the integrated frequency distributions. These
samples were produced using established techniques,
and a variety of characterization tools have confirmed
that such systems are non-aggregating and stable
suspensions.”®>! Both materials show increases in their
average s, with increasing diameter as well as nearly
vertical integrated frequency distributions. The latter
feature corresponds to a very narrow range of sedimen-
tation coefficients. This is consistent with the transmis-
sion electron microscopy (TEM) data on these same
samples which finds for both materials size distribu-
tions typically under 15% (see Supporting Information,
Figures S2-S8 and Supplementary Table 1). Because the
sample sizes are so uniform, the sedimentation coeffi-
cients measured using the VW analysis have a very nar-
row distribution.

Nanocrystals that have larger core sizes have larger
average sedimentation coefficients; this size depen-
dence is not surprising, given the anticipated relation-
ship of the sedimentation coefficient to particle param-
eters such as radius and density. For spherical particles
in dilute suspensions, textbook models for general sedi-
mentation in the absence of centrifugal force predict
that

2R (Pparticle — Psolvent
5, = H Partn;l:] solventg 2)

where R, is the hydrodynamic radius of the par-
ticle, p is the density, m is the viscosity of the sol-
vent, and g is the gravitational constant.” To a first
approximation, the sedimentation coefficient should
scale with the square dimensions of the particle, a
prediction in qualitative agreement with the data
shown in Figure 2. In addition, the cadmium selenide
nanocrystals have lower sedimentation coefficients
than the nanocrystalline iron oxides. This is largely a
reflection of the different sizes. However, the densi-
ties of the nanocrystals also are an important factor
for determining their sedimentation coefficients.
Even though the densities of bulk cadmium selenide
(5.81 g/cm?®) and iron oxide (5.17 g/cm?) are compa-
rable, in nanocrystal form these densities are a sub-
stantial overestimate. The contribution of the low-
density organic coatings are non-negligible in this
size range and must be taken into account in order
to describe the data.3'3%3°

To evaluate the importance of these size-
dependent effects, we compare in Figure 3 the mea-
sured sedimentation coefficients for these model
nanocrystals to predictions from eq 2. In order to
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Figure 2. Size-dependent sedimentation of inorganic nanocrystals.

(A) The sedimentation coefficient distributions, displayed as inte-
grated frequency distributions, for four samples of nanocrystalline
CdSe in toluene ranging in size from 2.8 to 3.1 nm in core diameter
(see Supporting Information, Figures S5—S8). These samples yielded
average s-values of 21.12, 24.34, 27.76, and 33.00 Sv that corre-
sponded well with TEM core measurements. All samples were run at
the same speed and temperature. (B) Sedimentation coefficient distri-
butions for magnetite nanocrystals in hexanes. Core diameters of 4,
6, 11, and 16 nm particles yielded s-values of 99.05, 276.5, 567.8, and
1637 Sv, respectively. The samples were run at different speeds to ac-

commodate the drastically different sedimentation rates.

place data collected in different solvents on the
same relative scale, it is necessary to apply a linear
conversion factor to the raw data. Using eq 2, this is
a straightforward process that provides the equiva-
lent sedimentation coefficients in toluene for
samples run in another solvent:

n(solvent) Aptoluene
ﬂ(t0|uene) Apsolvent

3)

s (toluene, 20 °C) =5,

For these data, iron oxide nanocrystal sedimentation
coefficients in hexanes are 1.75 times larger than their
expected values in toluene at the same temperature.
Figure 3 shows that the size-dependent sedimenta-
tion coefficients qualitatively behave as eq 2 would pre-
dict, but that the assumption of a constant nanoparti-
cle density vastly overestimates the measured
sedimentation coefficients. The solid lines in these fig-
ures represent the predictions of eq 2 assuming a bulk
density for the particles; the experimental data, espe-
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Figure 3. Size-dependent sedimentation coefficients plotted against
nanocrystal size. Hydrodynamic radii take into account nanocrystal

density correction using eq 4. We assume a bulk density of 5.17 g/cm?

for magnetite and expect that the largest iron oxide value could be

off because of non-stoichiometric Fe/O ratios that occur for large sizes.

The black curves in each figure estimate the s-values by using bulk
density values. The blue curves estimate s-values by assuming that
the density of particles is size-dependent. (Left) CdSe in toluene (un-

scaled s-values). (Right) Fe;0, in hexanes (s-values scaled to toluene).
Experimental data error bars for hydrodynamic radius are smaller than

the data points for particles with core diameters of 4 and 11 nm.

\NIC
VOL.2 = NO.2 = 311-319 = 2008 ”@%{\\)

313



>

L

3

cially at smaller sizes, are in poor agreement. While
lower overall particle densities can provide better
agreement, they fail to match the pronounced size de-
pendence in the average sedimentation coefficients.
This is because nanoparticle density is not constant
with size but varies substantially as relative contribu-
tions of the inorganic core and surface coating change
with core diameter.

To evaluate whether this size-dependent density
could better account for our data, we derived the antici-
pated density of a nanocrystal consisting of a spherical
inorganic core and a thin organic shell. The net density
of this nanocrystal-coating assembly can be found via

(Ry— 0’
T (pcore - pshell) 4)
H

pparticle = Pshell +

where t is the thickness of the organic shell, py,o is
the density of the shell, p_,,. is the density of the bulk
inorganic, and R (R + t) is the hydrodynamic radius. Of
these data, the density and thickness of the shell are
the most difficult to estimate. We assumed that the or-
ganic surface ligands were in a fully extended confor-
mation, yielding a surface coating thickness of 1.4 nm
for CdSe and 2.0 nm for Fe;0,. The actual values could
be shorter because of surface packing and interactions
between capping ligands.>® For the organic coating
density, we considered a range of densities for poly-
mers (from 1.0 to 1.6 g/cm?) (Supporting Information,
Figure S1). In contrast to the shell thickness, where
small changes in the values assumed yielded substan-
tial changes in the data, we found that the organic coat-
ing density had only a small effect on our predicted
nanoparticle densities.

Equation 4 thus provides an estimate of nanoparti-
cle density which, when combined with eq 2, yields a
prediction for the sedimentation coefficient versus size.
We find that, by including a size-dependent density
term, even from our simple model, we are able to match
quite well the experimental data with a model that
has no adjustable parameters (Figure 3, dashed line).
Across a range of sizes and materials, the core-shell
model captures the absolute values of the experimen-
tal data as well as the steep size-dependent sedimenta-
tion coefficient measured in both nanocrystal systems.
The model could be improved by a more accurate ac-
counting of the non-uniformity of surface coatings, im-
mobilized solvent molecules at the surface or within the
coating, and shape effects. Further studies will evalu-
ate these effects in more detail. Note that, for the small
particles of interest in this work, dynamic light scatter-
ing is not suitable for measuring R,;; we thus estimated
this parameter by adding the shell thickness to the
measured core radius from TEM.

Equations 2 and 4 suggest that nanoparticle den-
sity, and ultimately sedimentation properties, can also
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Figure 4. Sedimentation of polystyrene-coated gold nanoc-
rystals in toluene. The longer the polymer chain, the smaller
the density of the particles and the smaller the sedimenta-
tion coefficient. Average sedimentation coefficients, from
left to right, are 23.00, 23.85, 29.18, and 36.59 Sv, respec-
tively, for polymers of decreasing molecular weight.

be manipulated through changes in surface coatings.
Figure 4 shows the effects of varying the thickness of a
surface coating on the sedimentation of gold nanocrys-
tals. In this case, very small gold nanocrystals (core di-
ameter = 2.2 = 0.2 nm) were coated with polystyrene
chains via a thiol end group (see Supporting Informa-
tion, Figure S9). Using eq 2, and a modified density as
predicted by eq 4, we estimate that gold coated with a
short polymer chain (M,, = 1100) should have s, = 45
Sv, and the measured value is 37 Sv. A major challenge
in analyzing these data is the estimate of the polymer
coating thickness; if the polymers are more extended,
for example, we find s, = 39 Sv. A thicker organic coat-
ing reduces the average sedimentation coefficient; this
is because it lowers nanocrystal—polymer densities for
the higher molecular weight coatings. These data illus-
trate that the sedimentation coefficients of nanocrystals
are exquisitely sensitive to the thickness of their sur-
face coatings. Evaluating these surface features directly
in solution is challenging yet often critical in under-
standing nanocrystal properties in biological and envi-
ronmental settings.

Taken together, the data in Figures 3 and 4 demon-
strate that nanocrystal sedimentation properties are
strongly dependent on the size and surface. We can es-
timate, at least semi-quantitatively, the value of their
sedimentation coefficients if the nanocrystal density is
corrected to include the contribution of the surface
coating. As a consequence, nanocrystals display sedi-
mentation coefficients that depend more steeply on
their size than conventional particle settling models
that predict a scaling of radius squared. This size depen-
dence can be captured by a simple core-shell model
for the inorganic core and organic coatings (Figure 3).
At large enough sizes, nanocrystal-coating particles will
approach the bulk inorganic density and show conven-
tional particle behavior. The exact size where this oc-
curs depends on the coating thickness; however, for
standard organic coatings that are 1 nm in thickness,
nanocrystals will typically reach about 85% of the bulk
density with cores of 35 nm diameter.

While the standard model modified with a size-
dependent density is in good semi-quantitative agree-

www.acsnano.org



ment with our experimental data, a more pre-
cise comparison would require an independent
measure of nanocrystal density. Centrifugation
can be applied to this problem for other sys-
tems, and indeed sedimentation equilibrium as
opposed to sedimentation velocity experiments
have been applied to measuring the density of

Absorbance

polymers and biomolecules.'"'%3%>2 Unfortu-
nately, these studies require that the solvent
density be close to that of the nanoparticle, a
constraint that makes it impossible to evaluate
higher density (p > 3 g/cm?) inorganic particles.
We attempted to extract nanoparticle density
using sedimentation velocity data sets by varying
the solvent density and sample temperature. As is appar-
ent in eq 3, a measure of the sensitivity of the sedimenta-
tion coefficients to such variables could, in principle, yield
the nanoparticle density. However, our observed changes
in sedimentation coefficients were equal to our experi-
mental errors over the range of solvent compositions and
temperatures that preserved isolated and non-
aggregating particles. Future work will focus on more pre-
cise measures of sedimentation velocities as well as devel-
oping ways to measure nanocrystal density that do not
rely on sedimentation.

One application for estimating size-dependent
nanocrystal sedimentation coefficients is the develop-
ment of ways to achieve more robust separation of
nanocrystal mixtures. Ultracentrifugation is now widely
used to purify nanomaterial samples, but rarely do re-
searchers use quantitative information about the sedi-
mentation characteristics of the components. Such in-
formation is necessary to select the optimal speed for a
process. For separations, it is best to choose the slow-
est speed so that the faster-sedimenting material de-
posits completely in a reasonable time frame. If speeds
are faster than this optimal value, then more of the
smaller material will be removed than is necessary in
the pellet. If speeds are too slow, then the larger mate-
rial will not be removed completely.

Good estimates of nanocrystal sedimentation coeffi-
cients can provide information to help choose centrifuga-
tion speeds for separating nanoparticle populations. Gen-
erally, TEM or other imaging tools can provide dimensions
of the inorganic components of various populations in a
starting material (Figure 5). With such information about
the cores and good estimates of the coating thickness
and composition, egs 2 and 4 can be used to predict the
sedimentation coefficients of the individual components.
The optimal speed can then be found from eq 1 with a
few assumptions about the experiment:

positiong,4

In| —————
position,

ts

x9.55 (5)

a
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where t is the time in seconds of the separation experi-
ment, s, is the sedimentation coefficient in inverse sec-

onds (1 Sv = 10""3s), w* is the speed in revolutions per
minute (rpm), and the start position is typically the top
of the sample meniscus and the end position would be
the bottom of the cell. In most cases, an experiment
time of 2 h is short enough to ensure little diffusive
spreading of the boundary but long enough to make
the start-up and brake time a minor contribution to the
run. If we apply eq 5 to a typical sample (s, = 100),
with a 1.2 cm fully filled sample cell, then we find an op-
timal speed of approximately 13 000 rpm.

To illustrate how to use this information in an experi-
mental setting, we prepared a nanocrystal mixture by
mixing 4 and 12 nm iron oxide nanocrystals in an ap-
proximately 3:2 ratio (see TEM image, Figure 5B, and
Supporting Information, Figure S10). This sample simu-
lates the common situation where small nanocrystals
must be removed from a larger sample of interest. Be-
cause of the vastly different sedimentation profiles of
the two particle types, it is possible to physically sepa-
rate the components within the AU. Application of eqs
2 and 4 for these samples predicts that the two species
will have sedimentation coefficients in hexanes of 100
and 700, respectively. In order to sediment out the
larger of the two fractions in 0.5 h, we found an opti-
mal speed of ~10 000 rpm. Because we were applying
AU, we chose a slightly slower speed so as to have
enough sedimentation curves from the larger compo-
nent for reasonable data analysis. The data clearly show
the independent sedimentation of the larger nanopar-
ticles (Figure 5, red lines) from the smaller materials
(Figure 5, black lines). Figure 6 shows the resulting dis-
tributions of the sedimentation coefficients found from
an analysis of the sedimenting species; both fractions
of particles are detected, and their sedimentation val-
ues are in good agreement with those found in the in-
dividual experiments.

These data also highlight the limitations in using
AU under single-speed conditions for simultaneously
evaluating populations that are widely disparate in size.
In general, the time scales of AU experiments should

VOL.2 = NO.2 = 311-319 = 2008

Figure 5. Bimodal magnetite nanocrystals sample run in hexanes. (A) The raw data
(speed optimized for smaller nanocrystals) show two boundary regions, which is indica-
tive of at least two species. (B) TEM image of the sample. More detailed sizing of this
sample can be found in the Supporting Information (Figure S10).
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Figure 6. Sedimentation coefficient distributions for bimo-
dal magnetite nanocrystals. The core diameters of the par-
ticles, 4 and 12 nm, yielded s, values of approximately 100
and 700 Sv, respectively. The red lines denote s, values of
the samples run individually. The analysis process can lead
to artifacts when two s-coefficients are extracted; these were
removed from thes data and their locations denoted with as-
terisks at 400 and 900 Sv.

be between 60 and 300 min so as to allow for enough
scans to be collected while at the same time minimiz-
ing diffusion. Thus, AU at a single speed is best applied
to mixtures in which the component sedimentation co-
efficients do not vary by more than a factor of 5. If ultra-
centrifugation alone is employed simply to separate
materials, there are no such limitations. The best re-
sults would be achieved when the s-values are substan-

MATERIALS AND METHODS

(dSe Nanoparticle Synthesis. CdSe nanocrystals were synthe-
sized in 1-octadecene (ODE) following an existing preparation.>*
All reactions utilized standard air-free techniques. Samples of
0.51 g of CdO (99.99%, Aldrich), 3.76 g of oleic acid (tech grade,
Aldrich), and 160 mL of ODE (tech grade, 90%, Aldrich) were
heated to 300 °C in a 500 mL three-neck flask. A selenium solu-
tion containing 0.16 g of Se powder (99.5%, Aldrich) dissolved in
0.8 g of trioctylphosphine (tech grade, 90%, Aldrich) and 5 mL
of ODE was prepared and loaded into a syringe. When the solu-
tion of CdO became optically clear, the selenium solution was
quickly injected. The reaction was halted by the rapid addition
of 70 mL of room-temperature ODE at varying reaction times. Al-
iquots (~2 mL) of the reaction product were purified by adding
an equal volume of acetone to precipitate waxy cadmium oleate,
a reaction precursor. The samples were centrifuged for 10 min
at 3200 rpm, and the colored decantate was collected. Excess ac-
etone (99.6%, Fischer) was added to the decantate to precipi-
tate the particles, and the solution was then centrifuged at 10
min and 3200 rpm to fully precipitate all nanocrystals. The pre-
cipitate was redissolved in the desired amount of toluene (99.8%,
Fischer) and treated with ~30 pL of 1-dodecanethiol (98%, Ald-
rich) to provide a surface completely terminated by dodecaneth-
iol.>°

Fe;0, Nanoparticle Synthesis. Ferroxyhydrate (y-FeOOH, 30-50
mesh, Aldrich) was purchased and ground in a mortar to make
a fine powder. In an airless solvothermal heating system, pow-
dered iron oxide was dissolved in oleic acid (tech grade, Aldrich),
diluted with 1-octadecene, and refluxed for 60 min. The black
slurry was further purified by an acetone—hexane biphasic sol-
vent system in a manner similar to that described above. Fe;0,
nanocrystals were isolated in stable hexane dispersions. Under
these conditions, oleic acid is coordinated to the surface for sta-
bilization. Further information about this synthetic method can
be found elsewhere.>

Synthesis of Au Nanoparticles. Oleylamine-stabilized Au nanopar-
ticles were synthesized following an existing preparation.®® First,
0.112 g of HAuCl, - 3H,0 (>99%, Aldrich) was dissolved in 25
mL of deionized water in a 250 mL Erlenmeyer flask. Next, 0.365
g of tetraoctylammonium bromide (>99%, Fluka) dissolved in 25
mL of toluene (99.8%, Fischer) was added to the Au salt, result-
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tially different, assuming that the speeds are chosen
(eq 5) such that the full sedimentation of one species
occurs with only minimal movement of the other. Alter-
natively, there are established methods to overcome
single-speed limitations, such as using turbity optics
and/or the gravitational sweep method after running
at multiple speeds.>®

CONCLUSIONS

Uniform nanocrystals exhibit sedimentation behav-
ior that qualitatively follows the trends predicted for
micrometer-sized particles: larger and more dense par-
ticles sediment faster in a centrifuge. However, when
core diameters are below 20 nm, the sedimentation co-
efficients depend on nanocrystal size in a way not well
described by conventional models because the low-
density coating contributes substantially to the overall
particle density. Accounting for this size-dependent
density provides predictions of nanocrystal sedimenta-
tion coefficients that are in good agreement with ex-
perimental data. By predicting sedimentation rates,
separation of closely related populations in bimodal
samples becomes possible.

ing in a two-phase mixture. The mixture was stirred to transfer
all color to the upper toluene layer. To the stirring mixture was
added 0.829 g of oleylamine (70%, Aldrich) in 25 mL of toluene,
resulting in white cloudiness. Finally, 0.165 g of NaBH, (99%, Al-
drich) in 25 mL of deionized water was added, resulting in a clear
brownish organic phase. The solution was allowed to stir for an
additional 12 h. After 12 h, the organic phase was separated and
then reduced to 5 mL using a Buichi R-200 rotary evaporator.
The nanoparticles were precipitated with 250 mL of ethanol (190
proof, Aaper) and left in the freezer for 24 h at —10 °C. Once
fully precipitated, the nanocrystals were collected by vacuum fil-
tration and rinsed with more ethanol. These nanocrystals were
redissolved in 100 mL of toluene and stored in a dark glass bottle
in a refrigerator.

Gold nanocrystals were coated with thiol-terminated linear
polystyrene by a grafting-to approach utilizing the strong affin-
ity of thiols for gold. Four different samples were synthesized
with polystyrene of varying molecular weights (M,, = 1230, 2700,
5800, and 7700, Polymer Source Inc.). For each sample, 2.28 X
1072 g of the desired polymer was added to 100 L of the as-
prepared gold nanocrystals.

Transmission Electron Microscopy and Particle Sizing. A 100 kV JEOL
transmission electron microscopy, model JEM-2010, was used
to gather all images. Nanocrystals were drop-cast from their re-
spective solvents onto carbon/Formvar-coated 300 mesh copper
grids (Ted Pella no. 01821). Over 1000 nanocrystals were sized
by hand for each sample using the ImagePro software suite, and
the error introduced by population sampling from this analysis
is <3% on average.>” A larger issue is the difficulty in defining
the edge of the particles; the objective focus at the time of im-
age collection, as well as the contrast of the digital image, can
lead to errors. We estimate these to be at most 3 A. Our reported
error bars on particle size take into account both of these sources
of error in the measurement of the core diameter.

Analytical Ultracentrifugation. All experiments were run on a
Beckman Optima XL-A ultracentrifuge with an AnTi-60 rotor
equipped with absorbance optics. Sedimentation velocity ex-
periments were run using double-sector aluminum centerpieces.
The temperature was kept at 25 °C with an accuracy of 1 °C. At
least 100 scans were taken for all experiments. Cadmium se-
lenide and polystyrene-coated gold samples were run in tolu-
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ene, and iron oxide samples were run in hexanes. Reported sedi-
mentation coefficients are based on multiple run determinations
for all samples, excluding the polystyrene-coated gold and 6
nm Fe;0,. Data analysis was performed using Ultrascan 7.1,°®
with the enhanced van Holde—Weischet analysis. The van
Holde—Weischet analysis is a method that deconvolutes diffu-
sion from sedimentation processes by extrapolation to infinite
time. Briefly, each scan is divided into equal parts or fractions,
and the radius value at each division is used in eq 1 to obtain the
apparent sedimentation coefficients. Since each scan corre-
sponds to a time, and a plot of the apparent sedimentation co-
efficients versus time °> can then be constructed. Lines of best
fit are drawn through points from each division and extrapolated
to the y-intercept, which corresponds to infinity. Intersection of
all lines at a single point on the y-intercept indicates a uniform
sample, while a broadly distributed sample has lines that inter-
sect at multiple points. The fractions associated with each line
and the sedimentation coefficient (s,) at the point of intersec-
tion are combined into integral plots by graphing the integrated
frequency versus the s,. This integral distribution plot forms a
perfectly vertical line for a uniform sample. Alternatively, the data
can also be converted into a histogram or distribution plot by
binning the sedimentation coefficients and calculating their
frequency.”®° We also used SEDFIT and applied the Is-g(s*)
analysis as a test case for our samples. We found the results to
be within the range of experimental error, with the only differ-
ence being the width and shape of the s-value distribution. Ad-
ditionally, we used SEDFIT to take into account solvent com-
pressibility and found that the s-value varies within 10% of the
actual values, in agreement with other observations.®’

For the quantitative analysis presented in this work, the vis-
cosity and density of the solvents are essential input param-
eters. The AU sample chamber is temperature controlled to
within one degree. For the hexanes, the solvent for the iron ox-
ide nanocrystals, we used a viscosity of 0.300 mPa and a density
of 0.6603 g/cm? for the models shown in Figure 3. Toluene is
the solvent for the cadmium selenide systems, and at 25 °C its
viscosity is 0.560 mPa and its density is 0.8669 g/cm? The bulk
densities for iron oxide, cadmium selenide, and gold were taken
to be 5.17, 5.81, and 19.3 g/cm?, respectively.®? In order to cor-
rect for the size-dependent contribution to the density from the
surface coating, we estimated the thicknesses of the oleic acid
(iron oxide) and dodecanethiol (cadmium selenide) to be 2.0 and
1.2 nm, respectively.>®® The density of the surface coatings

was assumed to be close to that of polystyrene, 1.12 g/cm? 52
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