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he phase transfer of nanoparticles

from nonpolar to polar suspensions

remains an outstanding challenge
for material chemists. The best quality
nanocrystals, with respect to uniformity,
size control, and crystallinity, are generally
formed in organic solutions at elevated
temperatures.! > These synthetic methods
produce nanomaterials as diverse as gold,
cadmium selenide, and iron oxide which as
a consequence of their formation condi-
tions possess surfaces that terminate in or-
ganic, nonpolar moieties. However, to apply
the unique optical and magnetic proper-
ties of these nanocrystals often requires sur-
face modifications that yield well dispersed
and nonaggregated materials stable in
water.®~° Nanoscale iron oxides, for ex-
ample, in water purification as well as mag-
netic resonance imaging must be used in
aqueous solutions.#'®"" Quantum dots find
enormous application as biological imaging
agents, a technology that requires com-
pact and isolated particles whose surfaces
are compatible with a variety of biological
fluids."?>~ ' These and other uses for nano-
crystals have sustained interest in this topic
for nearly a decade; researchers have fo-
cused on methods that are both efficient
in their transfer of nanocrystals and capable
of preventing material aggregation and
dissolution,>'5~20

Many of the existing strategies for nano-

crystal phase transfer use lipids as essential
components of amphiphilic surface
coatings.>’2' One commercial quantum
dot material reports the use of a propri-
etary PEG—lipid to create a stable and
water-soluble material.? In these examples,
the lipids—typically fatty acids—function
as the nonpolar constituent of larger am-
phiphiles (e.g., surfactants). Their hydropho-
bic tail interacts with the nanocrystal’s non-
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ABSTRACT The effective water dispersion of highly uniform nanoparticles synthesized in organic solvents is
amajor issue for their broad applications. In an effort to overcome this problem, iron oxide and cadmium selenide
nanocrystals were surrounded by lipid bilayers to create stable, aqueous dispersions. The core inorganic particles
were originally generated in oleic acid and 1-octadecene. When these organic solutions were mixed with water and
a sparing amount of excess fatty acid, up to 70% of the nanoparticles transferred into the aqueous phase. This
simple approach was applied to two different nanocrystal types, and nanocrystal diameters ranging from 5 to 15
nm. In all cases, the resulting materials were stable, nonaggregated suspensions that retained their original
magnetic and optical properties. The phase transfer efficiency is maximum when very little oleic acid is added
(e.g. 0.2 w/w %). At higher concentrations, above the critical micelle concentration, the formation of micelles
begins to compete with bilayer generation leading to less effective phase transfer. Unlike other approaches for
water dispersion that rely on amphiphiles with significant water solubility, the fatty acids used in this work are
only sparingly soluble in water. As a result, there is minimal dynamic exchange between free and bound surface
agents and the resulting aqueous solutions contain little residual free organic carbon. Thermogravimetric analysis
(TGA) confirmed the presence of bilayers around the nanocrystal cores. The particle size, size distribution, process
yield, and colloidal stability were found using a suite of methods including transmission electron microscopy, small
angle X-ray scattering, dynamic light scattering, inductively coupled plasma—optical emission spectroscopy, and
ultraviolet—visible spectroscopy. Bilayer—nanocrystal complexes possess many of the same size-dependent
features as the original materials, and as such offer new avenues for exploring and exploiting the interface
between nanocrystals and biology.

KEYWORDS: bilayer-nanocrystal - iron oxide - quantum dots - SAXS - fatty
acid - nonpolar

polar organic surface and leads to a full
encapsulation of the core and its original
coating. The hydrophilic end of the am-
phiphile is thus left to stabilize the new sur-
face and renders the material polar and
fully dispersed in water. This encapsulation
approach ensures that the nanoparticle sur-
faces are never stripped of their original or-
ganic coatings. As a result, particle aggrega-
tion is minimized due to the presence of
steric stabilization during the entire phase
transfer process. Also, in the case of quan-
tum dots, encapsulation is strongly pre-
ferred as it prevents degradation of the de-
sirable optical properties.>? Nanocrystal
encapsulation can be problematic in some
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Figure 1. lllustration of the aqueous transfer of iron oxide nanoparti-
cles (nMag) via both (A) addition of IGEPAL CO 630 surfactant; poly-
meric surfactants can result in the formation of clusters of nanoparti-
cles in the final aqueous suspensions (B) bilayer formation.

circumstances as the size of the resulting core and sur-
face treatment can be much larger than the starting or-
ganic material; moreover, it often requires expensive
or customized copolymers and surfactants.>% Still there
are good examples of phase transfer strategies that
can produce nonaggregated and stable nanocrystal dis-
persions in water.'>~ 182024 These efforts include encap-
sulation using polymers (e.g., polyacrylic acid, polyeth-
ylene glycol) and ligand exchange using moieties such
as bifunctional thiols.2>2¢

Whatever the surface agent selected to affect a
phase transfer, it is generally desirable that the result-
ing nanocrystal suspensions contain little free surfac-
tant or other organic species. Such a criterion is particu-
larly important for biomedical and toxicological
studies.?’~2° Conventional practice relies on sedimenta-
tion or filtration to concentrate and purify nanoparti-
cles. These treatments can be intrinsically limited if
nanocrystal surface coatings are themselves soluble in
water. Unless cross-linked or otherwise irreversibly at-
tached to the nanoparticle, most surface-bound am-
phiphiles will exist in equilibrium with their free form.3
As a result, coatings can be removed if nanocrystals
are repeatedly washed or diluted. Moreover, the dy-
namic exchange of the encapsulating agents can re-
sult in an adventitious adsorption of other materials,
yielding a nanocrystal interface quite different from the
one originally engineered.?' Perhaps the most signifi-
cant consequence of labile surface coatings is that
nanocrystal suspensions must necessarily contain some
quantity of the soluble, free surfactant.

These issues motivated our interest in an alterna-
tive approach to nanoparticle phase transfer. Our goal
was to form small, stable, and nonaggregated nano-
crystals in water whose size-dependent properties were
preserved; however, we wanted to achieve these fea-
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tures by using a surface coating that in its pure form
would have extremely low water solubility. To achieve
this end, we use a phase transfer process that generates
a fatty acid bilayer at the nanoparticle interface (Figure
1B). The term “bilayer” in this work is directed toward
lipid bilayers, where both the layers are made up of
the same moiety. We selected a fatty acid, oleic acid,
whose monomer is highly insoluble in water. However,
in its bilayer form it presents a stable and polar interface
well suited for a variety of physiological environments.
Our methods were inspired by efforts to sterically stabi-
lize iron oxide colloids. For colloids formed in water,
phase transfer due to bilayer formation is not the goal
as it is in this work. Instead, bilayers are used to slow or
reverse colloidal particle aggregation; many water-
soluble amphiphiles have been demonstrated for this
purpose including SDBS,*? dodecanoic acid,** alkanoic
acids,”?' phospholipids,>* and PLURONIC block copoly-
mers.® This literature provides an important conceptual
foundation for this effort and offers highly relevant ex-
amples of bilayer-nanoparticle characterization.

Here we show the results of a versatile and simple
approach to the generation of bilayer stabilized nano-
crystals, entities that we term “bilayer—nanocrystal
complexes”. While most of the examples provided in
this effort center on iron oxide nanocrystals, we also
have explored the stabilization of quantum dots as illus-
trated in our study of phase transfer efficiency. The re-
sulting materials possess small hydrodynamic sizes and
are stable under a wide range of physiological condi-
tions. SAXS indicates that in contrast to systems stabi-
lized by polymeric surfactants, bilayer—nanocrystal
complexes are nonaggregated in water. Little free fatty
acid or other organic carbon is measurable in the nano-
crystal aqueous suspensions, a result anticipated given
the low aqueous solubility of free oleic acid. Bilayer
nanocrystal complexes retain their size dependent
physical properties in water.

RESULTS AND DISCUSSION

This work focuses on a relatively unexplored av-
enue for creating stable aqueous suspensions of nano-
crystals from organic solutions: namely, the generation
of fatty acid bilayers around the original hydrophobic
particles. Figure 1B illustrates the process studied in this
work and contrasts it to the more conventional use of
polymeric surfactants (Figure 1A) to affect nanocrystal
phase transfer. Both methods use amphiphiles to
change the interfacial chemistry of particles from non-
polar to polar. The standard approach relies on the hy-
drophobic blocks of amphiphilic polymers to wrap the
nonpolar surfaces of particles or groups of particles. Of
interest here is the application of molecular fatty acids,
identical to those already present at quantum dot and
iron oxide interfaces, as phase transfer agents. In the
nonpolar nanocrystal solutions these fatty acids form
dense and compact coatings with the hydrocarbon tail
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bilayer—nanocrystal com-
plex that would present po-
lar groups at the particle in-
terface and subsequently
lead to particle dispersion
in water.

To explore this approach, oleic acid—a C18 unsatur-
ated fatty acid—was added as a phase transfer agent
to an oil/water mixture of iron oxide or cadmium se-
lenide nanocrystals. The choice of oleic acid was moti-
vated by several factors: its hydrophobic tail is long
enough to interact with existing hydrophobic coat-
ings; it has poor micelle forming ability due to the pres-
ence of a double bond; and finally it is a simple choice
as oleic acid is the native fatty acid used in the nano-
crystal synthesis.2 Under the appropriate mixing condi-
tions, for example probe sonication, the colored nano-
crystals could be transferred from the organic to
aqueous layers with high (>70%) efficiency. Several
characterization methods were then applied to con-
firm that the surfaces of the nanoparticles in water were
covered in bilayers; among these thermo-gravimetric
analysis (TGA) is the most conclusive for these
structures.

During controlled heating of sample residues, two
distinct weight loss peaks can be observed. These cor-
relate well in temperature to those reported for fatty
acid double layers in a variety of environments (Figure
2).” The mass loss between 400 and 500 °C corresponds
to the desorption of the outer layer of oleic acid; as ex-
pected, it occurs at a temperature slightly higher than
the boiling point of neat oleic acid or 360 °C at 760 mm
Hg.3® A second inflection point occurs between 650
and 800 °C. This feature arises from the loss of more
tightly bound oleic acid. This inner layer of oleic acid is
thought to be stabilized via a complex between iron(ll)
and the carboxylate groups of oleic acid.”? As a result, it
can only be removed from the surface at higher tem-
peratures. Also, we note that the weight loss difference
between the outer and inner layers can be semiquanti-
tatively attributed to the higher curvature of the smaller
10 nm particle in comparison with the bigger 17 nm
particle. The coincidence of the TGA peak temperatures
in these samples with that reported previously for bilay-
ers, both on surfaces and colloids, is strong evidence
that under our process conditions the materials are sta-
bilized by oleic acid bilayers.3”

50 °C.
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The formation of bilayers around the nanocrystal
surfaces is also consistent with the strong sensitivity of
process yield to fatty acid concentration (Figure 3). A
striking feature of these data is the extremely low quan-
tities of fatty acid required to obtain high phase trans-
fer yields (Figure 3). For both quantum dots and iron ox-
ide nanocrystals, over 70% of the material is transferred
from hexanes to water after the addition of only 0.2
w/w% oleic acid. This is in stark contrast to particle sta-
bilization with IGEPAL CO 630 which requires more than
10 w/w% for reasonable phase transfer yields.'® This ob-
servation is likely due to the competition between
oleic acid micelle and bilayer formation. At or near its
critical micelle concentration (CMC), oleic acid can form
micelles in water, and this process would remove bi-
layer material from the surface and reduce the solubil-
ity in water.333° As a result, the optimal phase transfer
efficiency is obtained near the CMC for oleic acid. This
observation may explain why reports of bilayer phase
transfer methods for highly uniform nanocrystals are
limited: conventional practice involves the addition of
a vast excess of phase transfer agent to a suspension in
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Figure 3. Variation of the transfer yield of iron oxide (hnMAG)
nanoparticles and quantum dots (QD) from hexanes into wa-
ter as a function of oleic acid (OA) concentration. Inset: Scale
depiction of a 10 nm diameter nanocrystal coated with a bi-
layer. Iron oxide concentration was obtained by ICP analy-
sis and quantum dot concentration was obtained via
absorbance.
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Figure 2. Thermo-gravimetric analysis (TGA) curves for 10 nm (left) and 17 nm (right) iron oxide nano-
crystals. The black dots indicate the percent weight as a function of temperature and the weight loss de-
rivative is indicated in blue. In both the cases, sample mass remained constant while cooling from 900 to
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Figure 4. Transmission electron micrographs of iron oxide nanoparticles (A) in organics (9.6 = 1.0
nm), (B) phase transferred into water via bilayer formation (10 = 1 nm). Inset pictures show phase sepa- T :
rated mixtures with water phase at the bottom and hexane phase at the top. As is clear the phase trans-  replace ultrasonication with el-
fer efficiency is on the order of 70% as some color remains in the organic phase. More than 1000 par-  evated temperatures for more
ticles were measured to capture both the average size and the size distribution.

order to ensure an efficient process. As apparent in Fig-
ure 3, such an approach would depress the transfer ef-
ficiencies substantially. In general, if bilayer formation is
desired it is best to work with fatty acid concentrations
(0.7—3.5 mM for oleic acid) that are at or below the criti-
cal micelle concentration.®® At their highest transfer
yields, the molar ratio of oleic acid to nanoparticles was
found to be 90 for 10 nm iron oxide and 17 for 4 nm
qguantum dots. This observation between the two nano-
particle systems could be attributed to the order of
magnitude difference in their surface areas.

Also notable in Figure 3 is the similarity between
the process yield for both quantum dots and iron ox-
ide nanocrystals. Not only is the core composition dif-
ferent in these two cases, but the core diameters are
also very different (e.g., 4 nm diameter as opposed to
10 nm diameter). Still the behavior and optimization is
comparable suggesting that as long as particles possess
a hydrophobic surface, the addition of small amounts
of fatty acid may be suitable for creating water stable
dispersions.

The total organic carbon (TOC) found free in solu-
tion for the oleic acid stabilized nanoparticles is just 9
ppm, 3 orders of magnitude less than that found for
equivalent polymer encapsulated (IGEPAL CO 630) ma-
terials. This observation can be explained by the differ-
ent solubilities of oleic acid versus conventional phase
transfer agents. Large amounts of polymeric surfactants
like IGEPAL are required to affect nanoparticle phase
separation because these materials alone have high
solubility in water. An excess of free polymer in the
aqueous suspensions ensures a complete and stable
surface coating. In contrast, oleic acid is virtually in-
soluble in water (HLB value of 1) and once incorpo-
rated into a bilayer structure will not appreciably des-
orb from the surface.3® The price paid for an insoluble
surface stabilizing agent is the challenge associated

ﬁ@N{A’N{() VOL.3 = NO.8 = PRAKASH ET AL.

with combining the original hy-
drophobic nanoparticles, free
oleic acids, and water. Here we
overcome this kinetic barrier by
using a brief ultrasonication
process which quickly mixes
the various components and
results in stable aqueous sus-
pensions. While our phase
transfer yields are quite high,
on the order of 70%, they are
not 100% effective, and this is
likely due to the challenges of
mixing the disparate starting
materials (Figure 3). We note
that it may also be possible to

polar fatty acids and their salts.”
An important concern for
applications of nanocrystals in water is that the phase
transfer process should preserve the original quality of
the material as well as prevent particle aggregation. The
first issue is of particular concern in this process as it re-
lies on probe sonication to ensure adequate mixing of
the insoluble fatty acids, nanocrystals, and water. The
preparation of nanocrystals in organic media affords a
great deal of control over nanocrystal nucleation and
growth, and as a result the as-synthesized nanocrystals
possess symmetric shapes, narrow size distributions,
and high crystallinity (Figure 4A). These desirable fea-
tures remain unchanged after the phase transfer pro-
cess (Figure 4B). Most notably, each particle is well sepa-
rated from its neighbors in the microscopy images,
suggesting that an organic coating is associated with
individual particles. Particle aggregation is not preva-
lent in the dried films. This observation is supported by
the high clarity of the suspensions and their apparent
lack of sedimentation over months (insets Figure 4).
Direct evidence that bilayer—nanocrystal complexes
are not aggregated is found in an analysis of their small-
angle X-ray scattering (SAXS) profiles. This method is
sensitive to the presence of aggregates from 2—10 par-
ticles across, and complements well the visual observa-
tions and microscopic analysis in Figure 4.°° Figure
5A,B presents the SAXS profiles for bilayer-coated iron
oxide nanocrystals of 10 and 17 nm core diameters in
water. The inverted scattering minima at low angles are
very sensitive to the particle size distribution, and their
appearance in the raw data confirm the finding from
TEM that these are highly uniform samples. Models for
X-ray scattering of small particles can be fit to these
data to obtain more quantitative information, and these
take as inputs the density, expected size, and size distri-
bution of the particles.*’ The best fits to the scattering
data are shown as solid lines and the resulting overall
size distributions are shown in the figure inset. As ex-
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Figure 5. Small angle X-ray scattering profiles (in black) with
simulated fits (in red) for iron oxide nanoparticles in water:
(A) 10 nm core (bilayer coated), (B) 17 nm core (bilayer
coated), (C) 10 nm core (polymer coated). Inset: correspond-
ing size distributions.

pected, the larger core sizes lead to greater diameters;
moreover, the average sizes are representative of non-
aggregated and fully isolated nanoparticles. These ba-
sic conclusions were confirmed by dynamic light scat-
tering data (Table 1) which provides a semiquantitative
measurement of the average hydrodynamic diameter
of nanocrystals directly in suspension.

The hydrodynamic diameters of these materials are
in good agreement with what is expected for an inor-
ganic core surrounded by a fatty acid bilayer (Table 1).
In this analysis, dimensions found from multiple charac-
terization methods were compared to extract the effec-
tive thickness of the bilayers. TEM provides the inor-
ganic core diameter; SAXS analysis provides a measure
of the extent of the core and the dense organic coat-
ings; and finally, DLS data reports the full hydrodynamic
diameter of the bilayer—nanocrystal complex and asso-

|
TABLE 1. Diameters of Iron Oxide Nanoparticles Dispersed

in Water?

sample A (nm) B (nm) C(nm)
TEM (core) 10.0 = 1.2 16.6 = 23 10.0 = 1.2
SAXS (core + shell) 143 £18 215+ 26 490+ 48
DLS (hydrodynamic) 142 =26 263 = 4.1 1541 = 15.6

“Obtained by TEM (particle core), SAXS (particle core + shell) and DLS (hydrody-
namic) for particles of size (A) 10 nm, bilayer coated; (B) 17 nm, bilayer coated; and
(C) 10 nm, polymer coated.
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Figure 6. Iron oxide nanocrystal suspensions (10 nm core size) under
varying solution phase conditions. Particles that were visibly sedi-
mented or cloudy are surrounded by a red box; solutions with un-
changed visual appearance are surrounded in green. These charge-
stabilized materials become unstable at low pH, when the fatty acid
coatings are protonated (top panel) as well as at high ionic strengths
in NaCl (middle panel). Temperature has remarkably little effect on the
systems.

ciated hydration shell. The diameters obtained via SAXS
and DLS for bilayer—nanocrystal complexes (sample A
and sample B) are larger than the inorganic core as ex-
pected; the 4.6 nanometer difference (average of
samples A and B shell size) between the inorganic cores
and the bilayer—nanoparticle complex can be attrib-
uted to the oleic acid bilayer. This corresponds to a sur-
face coating thickness of about 2.3 nm which is compa-
rable to the thickness of C-18 chain bilayers measured
in other similar systems.*? Both in these systems, as well
in other oleic acid bilayers, there is a large degree of in-
terpenetration of the C-18 chains—a feature depicted
schematically in Figure 3. Sample B corresponds to 17
nm core iron oxide particles coated with oleic acid bi-
layer. Similar bilayer dimensions were obtained via
SAXS and DLS for this case, and these are consistent
with that of the smaller sample A.

An important feature of bilayer—nanocrystal com-
plexes highlighted by Table 1 is that they form com-
pact structures in aqueous suspensions. Typically, the
bilayer—nanocrystal complexes are are only 4.6 nm
larger than the core nanocrystal. Quantum dots stabi-
lized by amphiphilic surfactants, for example, can pos-
sess hydrodynamic diameters nearly 5—10 times larger
than their core diameter.244344

Bilayers produced via oleic acid have remarkable
chemical and thermal stability. The formation of a bi-
layer on the nanocrystal surface leads to a pH-
dependent charge stabilization confirmed by zeta po-
tential measurements (—55 mV at a pH of 6.0). Figure 6
shows the visual appearance of bilayer—nanocrystal
complex suspensions under different conditions of pH,
ionic strength, and temperature. As expected for these
systems, in acidic conditions the surface groups are pro-
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when applied to iron oxide nanocrystals re-
sult in particle aggregation; larger am-
phiphilic phase transfer agents have been re-
ported to encapsulate multiple particles.2%”
This results in polydisperse groupings of iron
oxide nanocrystals. Also, corresponding DLS
diameters (Table 1, sample C) show a signifi-
cant increase over the particle core size, indi-
cating the presence of aggregates in poly-
mer stabilized materials. These observations

Figure 7. Optical and magnetic properties of bilayer—nanocrystal complexes are simi- highlight the significant challenges faced in

lar to the original materials. On the far left panels, a strong permanent magnet is able
to concentrate the iron oxide materials (hnMAG) much as is observed in hexanes. On the

preventing aggregation of these magnetic

right panel, the fluorescence of quantum dots (QD) is relatively unchanged after the for- materials during phase transfer. The ap-

mation of a bilayer and the transfer of the material into water.

tonated; above the pK; of oleic acid (=5.0); however,
the nanocrystals are quite stable.* The addition of salts
to these suspensions can result in the precipitation of
nanocrystal aggregates; the middle panel of Figure 6 il-
lustrates that above 250 mM the electrostatic repul-
sion is effectively shielded and interparticle aggrega-
tion becomes substantial. DLS confirms these visual
observations. While the materials are somewhat sensi-
tive to both charge and pH, they are remarkably stable
over a variety of temperatures (bottom, Figure 6).

A delineation of the unique and valuable optical and
magnetic properties of nanocrystals has been the sub-
ject of extensive prior work.>'%1446 Here, we simply con-
firm that the important physical properties of both of
these model systems remain unchanged after transfer
into water (Figure 7). Nanocrystalline iron oxide phase
transferred into water can be captured by an external
magnetic field; the time for capture and the overall effi-
ciency of the process is unchanged as would be ex-
pected given the physical characterization of the ma-
terials (Figure 4). Figure 7 also illustrates that the optical
properties of quantum dots before and after bilayer sta-
bilization are relatively unchanged. Most importantly,
the quantum yield for these quantum dots systems re-
mains within 20% of its original value after phase trans-
fer. Complete analysis of the optical and magnetic prop-
erties of these complexes is the subject of future work.
This data is presented here only to establish that the
process does not significantly alter the core nanocrys-
tal features.

Finally, to identify the advantages of a bilayer stabi-
lization approach we compare these results to those
found using a conventional polymeric surfactant, IGE-
PAL CO 630. Figure 5C shows that these surfactants

METHODS

Nanocrystal Synthesis. Iron oxy-hydrate (FeO(OH) iron(lll) oxide,
hydrated; catalyst grade, 30—50 mesh;), 1-octadecene (ODE
90%), cadmium oxide (CdO 99.99%), selenium powder (Se 100
mesh 99%), trioctylphosphine (TOP 99%), oleic acid (90%), and
nitric acid (trace metal grade) were all purchased from SIGMA-
Aldrich. The 1 wum PTFE AERODISC syringe filter was purchased
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proach outlined in this paper, in contrast, is
successful in generating isolated magnetic
nanocrystals as well as quantum dots.

CONCLUSIONS

Lipid bilayers prepared from a water insoluble fatty
acid can be generated around both iron oxide and cad-
mium selenide nanocrystals. These surface coatings
form around nanoparticles after mixing hexane solu-
tions of the materials, free fatty acids and water; ther-
mogravimetric analysis confirms the existence of lipid
bilayers. The bilayer thickness on a variety of nanocrys-
tal cores was deduced from both dynamic light scatter-
ing and small-angle X-ray scattering; typical values of
2.2—2.5 nanometer are consistent with those reported
for comparable immobilized bilayers. An interesting
finding is that bilayer formation is only successful when
a small amount (0.2 w/w %) of oleic acid is incorpo-
rated into the organic solutions. Phase transfer efficien-
cies may be depressed at higher concentrations due to
the self-association of the fatty acids into micelles. An
important advantage of using a highly insoluble fatty
acid to affect nanocrystal phase transfer is the resulting
purity of the aqueous suspension: once captured into
a lipid bilayer around a nanoparticle, there is no driv-
ing force for the desorption of free fatty acid. Small
angle X-ray scattering of the aqueous suspensions re-
veals that the materials are uniform and nonaggre-
gated. The resulting bilayer—nanoparticle complexes
are highly stable over a wide range of temperatures,
jonic strength, and pH as expected for a moderately
charged interface. Bilayer formation does not change
the essential size-dependent properties of nanocrystals
and offers several advantages over conventional encap-
sulation strategies.

from PALL LIFE SCIENCE and a 0.2 pum NYL syringe filter was pur-
chased from WHATMAN.

Iron oxide nanoparticles were synthesized by the thermal de-
composition of iron carboxylate salts.>*” A mixture of 0.178 g of
FeO(OH), 2.26 g oleic acid, and 5.0 g of 1-octadecene was stirred
and purged with nitrogen; moderate heating up to 280 °Cin a
three neck-flask led to the formation of an orange solution
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thought to contain iron carboxylates. Further heating to 320 °C
led to a decomposition of this precursor and the generation of
brown-black iron oxide nanocrystals. The reaction product was
soluble in hexane because of the adsorption of oleic acid to the
nanocrystal surface via polar, carboxylate groups.

The iron oxide nanocrystals were purified by repeated cycles
of precipitation and sedimentation followed by dispersion in
hexane. Reaction products were treated with a 1:1 volumetric
amount of acetone and methanol leading to the formation of vis-
ible aggregates; these were collected via centrifugation in a pel-
let and could be dispersed back into hexanes. This procedure
was repeated five times to remove unreacted iron salts, 1-ODE,
or unbound oleic acid. Purified nanocrystal solutions in hexanes
could be digested by strong nitric acid and analyzed for their iron
content with atomic emission spectroscopy (ICP-OES). Using
the average diameter of the material obtained from TEM, and
the density of iron oxide (5.17 g/cm?), the atomic concentration
of iron could be converted into a nanoparticle concentration.

CdSe nanocrystals were prepared by heating a stirred mix-
ture of 0.3 g of CdO and 2.7 g of oleic acid in a 100 mL three-
neck flask at 200 °C until a transparent liquid was obtained.*® Af-
ter cooling to room temperature, 15 g of oleic acid and 30 g of
ODE were added and the mixture heated to 100 °C under
vacuum for 40 min. The solution was then purged with ultra-
pure N, and heated to 300 °C. An injection solution, prepared
by mixing 10.68 g of Se/TOP (10 wt %) and 4.13 g of ODE, was
swiftly injected into the flask with a 20 mL syringe fitted with a
large bore needle. After cooling to room temperature, the crude
quantum dots were precipitated by the addition of acetone
and methanol, in a fashion similar to that used for the iron ox-
ide. These pellets could be isolated and purified after repeated
centrifugation at 35009 followed by redispersion into hexanes.
The final purified nanocrystal pellet was ultimately redispersed in
hexane, filtered through 1 um PTFE syringe filter, and stored in
the dark. Quantum dot concentrations were estimated from ab-
sorbance data using methods published elsewhere.*

Phase Transfer of Nanocrystals. Oleic acid was added in variable
amounts (0.5—300 L) to 1.0 mL of purified nanocrystal suspen-
sions in hexanes (typically 1T g nanoparticle/L). The resulting so-
lution was then sonicated in a bath for 1 min with no visible
change in appearance (FS6 sonicator from FISCHER SCIENTIFIC).
Next, 10 mL of ultrapure water (MILLIPORE, 18.2M{2cm) was then
added to the hexane solution resulting in an obvious phase
separation between the clear water and colored nonpolar solu-
tion. To affect the transfer of material from hexanes into water,
this solution was subjected to sonication via a probe (UP 50H
probe sonciator from DR.HIELSCHER) for 5 min at 50% ampli-
tude and full cycle. Care was taken to ensure that the tip of the
probe, where the power is the highest, was located near the in-
terfacial region between the hexanes and water phase. Immedi-
ately after sonication a cloudy and colored solution was ob-
tained, but if left to sit undisturbed for 1 day the mixture phase
separated with the colored nanoparticles appearing in the bot-
tom, aqueous fraction. This layer was collected and the nanopar-
ticles purified via centrifugation at 3500g for 15 min, followed
by redispersion and filtration through a syringe filter (pore size
of 0.2 um, Whatman-NYL). The filtered product was a clear, col-
ored suspension that could be further concentrated (typically
10X) via rotary evaporation. The above procedure was also used
to phase transfer cadmium selenide nanocrystals. Methods to
describe the phase transfer using IGEPAL CO 630 are described
elsewhere.'®

Characterization of Nanocrystals. Small angle X-ray scattering
(SAXS) profiles were obtained on a RIGAKU SMARTLAB system
operating in transmission mode with a line collimation setup. A
capillary tube (0.8 mm diameter) was filled with a sample, and
the low angle scattering was collected from 26 values of 0.15—4
degrees with a Cu Ka X-ray beam of wavelength 1.54 A. The
X-rays were generated at 40 kv and 44 mA. Typical data collec-
tion times were on the order of 2 h. The raw scattering data was
analyzed using Rigaku’s NANOSOLVER software using a split in-
terval of 30 with low slit correction factor.

Dynamic light scattering (DLS) data was collected using a
BROOKHAVEN instrument equipped with a BI-9000AT digital au-
tocorrelator using a monitoring wavelength of 656 nm. Stan-
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dard 1.5 mL poly methacrylate cuvettes were used as sample
holders and each sample was analyzed for 4 min to obtain a
minimum intensity of 200 000 cps. A histogram of the particle di-
ameter distribution was obtained via a “Contin” fit to the raw au-
tocorrelation data.

Transmission electron microscopy (TEM) was carried out us-
ing JEOL 2100 field emission gun TEM at 200 kV with a single
tilt holder using 300 mesh copper grids with holey carbon from
Ted Pella Inc. Thermogravitmetric analysis (TGA) was carried out
using TA INSTRUMENTS SDT 2960 simultaneous DSC-TGA instru-
ment with sample deposited in a platinum pan. Samples were
maintained at 150 °C for 5 h for removal of any associated sol-
vent/moisture before further heating. The samples were then
heated to 900 °C at the rate of 50 °C/min. UV —visible spectros-
copy was carried out using Cary 5000 VARIAN UV —vis—NIR spec-
trophotometer with 1.5 mL polymethacrylate cuvettes used as
sample holders. All sizing data with respective significant figures
were reported with error bars representing their standard devia-
tion. Inductively coupled plasma (ICP) analysis was carried out
using PERKIN ELMER ICP—OES instrument equipped with au-
tosampler. Total organic carbon content of the supernatant was
computed using SHIMADZU TOC analyzer after sedimentation of
particle suspension (1 mL of 1 wM) (BECKMAN-COULTER OP-
TIMA L-80XP ultracentrifuge) at 118 000 g for 4 h at 25 °C.
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