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Hybrid heterodimer, -trimer, and -oligomer nanoparticles,
which contain two or more domains connected through a
solid-state interface, are of interest for catalysis, medicine,
biodiagnostics, and electronics.l'! For example, the spatially
distinct surfaces in M-Fe;O, (M = Au, Pt, Pd) heterodimer
nanoparticles® have been chemically derivatized with
complementary ligands and used as target-specific drug-
delivery vehicles® and dual-imaging biological probes.’!
Synergistic effects such as electron transfer and spin exchange
can be mediated by nanoscale heterojunctions in hybrid
nanocrystals, giving rise to properties that have been
exploited in advanced catalysts,>”* exchange-coupled mag-
nets,””! magneto-optics,'” electronics™ and solar conversion
devices.™

To synthesize hybrid nanoparticles, judicious selection of
reaction conditions is needed to promote heterogeneous
nucleation of a target solid onto preformed nanocrystal seeds
while avoiding conditions that result in isolated single-
component particles.">!¥ Despite the growing number of
two-component heterodimers,'®'! pure samples in high yield
are difficult to obtain, and heterogeneous seeded growth is
challenging to control. For example, in the prototypical Au-
Fe;O, system, the seed size, seed crystallinity,"® lattice
matching,” solvent polarity,'l heating rate,!'”! and stabilizer
concentration all influence the final product morphology. The
low purity of common commercially available stabilizers
superimposes additional technical challenges with respect to
reproducibility. Indeed, hybrid nanoparticle heterostructures
and their syntheses are becoming increasingly complex and
have the potential to form multiple products in the reaction
solution.
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The macroscale-measured properties represent the
ensemble averages of the constituent particle populations,
so purification is critical for understanding the intrinsic
structure—function relationships in these materials. Distinctly
absent from the nanoparticle synthesis literature are post-
synthetic separation and purification methods, and indeed
there is a dearth of available methodologies for use with
colloidal nanomaterials. However, while some nanoparticle
purification methodologies exist,'”!* quantitative separation
and purification of colloidal nanoparticles is rarely practiced
and has not previously been applied to hybrid nanoparticle
systems. Accordingly, we describe here the purification and
subsequent magnetic interrogation of hybrid magnetic nano-
particles using differential magnetic catch and release
(DMCR), which is our recently reported chromatographic
technique that separates polydisperse magnetic nanoparticles
into monodisperse fractions based upon differences in their
magnetic moments.'”’ We use DMCR to generate purified
fractions of the important hybrid nanocrystal systems Au-
Fe,0,041%20 and FePt-Fe;0,.! Interestingly, we observe
substantially different magnetic properties in the purified
heterostructures compared to the as-synthesized materials:
different (more accurate) saturation magnetization values
and the identification of magnetic polydispersity in morpho-
logically similar hybrid nanoparticles that would not be
detectable using established methods.

Details of the DMCR separation technique are provided
in the Supporting Information and in Ref. [19]. Briefly,
particles are separated using an open tubular fused silica
capillary wrapped between two narrowly spaced electro-
magnet poles. The solvent mobile phase imparts a drag force
(Fp) on the nanoparticles and a magnetic flux gradient,
applied orthogonal to the direction of solvent flow, exerts a
magnetic force (Fy) on the particles and pulls them against
the capillary wall (Figure S1 in the Supporting Information).
For any location in the capillary with equal flow rate, particles
of identical composition, size, shape, and crystallinity have the
same Fy and Fp acting on them. Variations in Fy; and Fy in
polydisperse samples are leveraged to separate particles in
the DMCR apparatus.

Hybrid Au-Fe;O, nanoparticles were synthesized by
thermal decomposition of [Fe(CO)s] in the presence of Au
nanoparticle seeds.* Figure 1 shows the DMCR chromato-
gram in the absence of a magnetic field for a representative
sample of as-synthesized colloidal Au-Fe;O, nanoparticles; a
single peak (A) elutes at the dead time of the column.
Applying a magnetic field program (dashed line) results in a
chromatogram with three peaks (B, C, D). The first of these
(B) elutes while a 2T magnetic flux density is applied,
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Figure 1. Peak A: elution of Au-Fe;O, hybrid nanoparticles with no
applied magnetic field. Peaks B, C, and D: DMCR chromatogram of
the separation of the Au-Fe;O, nanoparticles under the applied
magnetic flux density indicated by the dashed line.

whereas peaks C and D elute
when the field is dropped to 0.6
and 0 T, respectively. Because the
order of elution of the peaks
depends on the relationship
between F\; and Fy, for each par-
ticle, it is determined by either
changes in effective size or mag-
netic moment.

Each fraction was collected as
it eluted from the capillary, and
representative transmission elec-
tron microscope (TEM) images
for each fraction and for the initial
sample are shown in Figure 2.
Although some TEM images of
the as-synthesized sample con-
tained regions with predominantly
hybrid particles (Figure 2a), com-
prehensive TEM examination
revealed that 60 % of the particles
(n=94; n: number of particles)
consisted of individual nonhybrid
particle impurities mixed with the
intended hybrid nanoparticles.
The particles eluting in peaks B
and C are single, spherical parti-
cles with diameters of (7.0+
1.6)nm (n=308) and (11.0+
1.3)nm (n=495), respectively
(Figure 2b,c). The TEM image of
the particles eluted in peak D
(Figure 2d) reveals hybrid nano-
structures. The purified sample
(peak D) contains 97% hetero-
structures (n=135). With a con-
stant mobile-phase velocity, the
increase in cross-sectional area of
the particles would result in an
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increased Fy, (i.e., B < C< D). Therefore, the observed order
of elution indicates a difference in magnetic moment, and
reflects a larger total volume of Fe;O, within the hybrid
nanostructure versus within individual nanoparticles.
Selected area electron diffraction (SAED) patterns
(Figure 2) confirm that both Au and Fe;O, elute in peak A.
While the ED patterns for particles from peaks B and C show
only Fe;O,, the hybrid particles from peak D show evidence
of both Au and Fe;0,. Energy dispersive X-ray spectra (EDS)
(Figure S2) further confirm that the particles in peaks B and
C contain only Fe, whereas those eluting in peak D contain
both Au and Fe. Larger sample quantities were obtained by
performing preparatory-scale DMCR,™ which incremen-
tally purifies the sample in about 2 mg injections while
retaining the fidelity of the separation (Figure S3). UV/vis
absorption spectra obtained for each fraction also confirm the
presence of Au in peaks A and D but not in B and C
(Figure S4). Taken together, the data provide important
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Figure 2. TEM images (scale bars are 50 nm), SAED patterns (labels with solid lines are Fe;O,; italics
with dashed lines are Au), and size distribution histograms of a) the as-synthesized Au-Fe;O,
nanoparticles and the fractions from the DMCR peaks b) B, c) C, and d) D in Figure 1.
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insights into the synthetic pathway. Based on earlier studies of
spherical nanoparticles,'*" nonmagnetic Au nanoparticles
would be expected to elute in the first fraction (i.e., peak B),
but evidence for individual Au nanoparticles without attached
Fe;0, is not observed. This suggests that Au nanoparticles
nucleate the growth of Fe;O,, consistent with the accepted
hybrid nanoparticle formation mechanism that involves
heterogeneous nucleation of Fe;O, on Au seeds. However,
the presence of two distinct populations of individual Fe;O,
particles indicates that these also nucleate and grow under the
same reaction conditions.

Retention of the Au-Fe;O, heterostructures in the capil-
lary at lower magnetic flux densities than the spherical Fe;O,
particles is indicative of their greater magnetic moments.
Figure 3 compares the field cooled (FC) and zero field cooled
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Figure 3. FC (open symbols) and ZFC (filled symbols) magnetization
data. H=100 Oe.

(ZFC) magnetization data for the purified Au-Fe;O, hetero-
structures and the as-synthesized sample. The purified multi-
mers exhibit a 20% higher saturation magnetization and a
larger hysteresis than the as-synthesized sample at 5K
(Figure S6). The ZFC curves show that the purified sample
has a 60 % higher magnetization at 7 than the as-synthesized
multimer sample. It is clear that impurities in the as-
synthesized sample have a dramatic impact on the measured
magnetic properties. Purification by DMCR separation yields
the target Au-Fe;O, heterostructures even when the synthetic
method fails to generate a sample of desired particle
uniformity.

FePt-Fe;O, heterodimers were also analyzed using
DMCR separation. The synthesis involved a one-pot, two-
step reaction that has been reported to yield hybrid bimag-
netic dimer nanoparticles.”! A representative TEM image of
the as-synthesized sample is shown in Figure 4a. Two
populations of particles are observed, with average diameters
of (2.7+0.8) nm (n=88) and (8.8+0.9) nm (n=279). The
sample consists predominantly (75%) of heterodimers of
FePt adhered to Fe;O,. A hexane solution of this sample was
injected into the DMCR apparatus, and three peaks, B’, C’
and D’, were observed in the DMCR chromatogram
(Figure 5) that eluted with 2, 0.5, and 0 T applied magnetic
flux densities, respectively. TEM images of these fractions are
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Figure 4. TEM images (scale bars are 10 nm) and size distribution histo-

grams of a) the as-synthesized FePt-Fe;O, particles and the fractions from

the DMCR peaks b) B’, c) C’, and d) D’ in Figure 5.
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Figure 5. Chromatogram of preparatory-scale separation of FePt-Fe;O,
(solid line) and the magnetic field program used (dashed line). Inset
is analytical-scale separation of the same sample. Hexane mobile
phase is used for all separations.

shown in Figure 4b-d and Figure S7. Peak B’ contains small
((2.4+0.5) nm, n=210) particles, along with dimers having
diameters of (8.1+1.2) nm (n=105) that comprise 33 % of
the sample. TEM images of peaks C' and D’ show predom-
inantly dimers with average diameters that are the same
within experimental certainty ((9.1+0.9) nm, n=333, and
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(8.1 £1.2) nm, n =502, respectively), with only a few small-
diameter particles ((2.5+0.7), n=14 and (2.8 £1.0) nm, n=
26, respectively). HRTEM images of the single particles
(Figure S8) reveal lattice spacings that indicate these are
predominantly Pt. Preparatory-scale DMCR was used to
generate larger-scale samples, and powder X-ray diffraction
(XRD) patterns for the separated fractions confirm that the
as-synthesized particles and each of the separated fractions
contain both Fe;O, and FePt (Figure S9).

Because DMCR separates magnetic nanoparticles based
on differences in their magnetic moments, the fractionation of
the FePt-Fe;O, sample into two populations (peaks C' and D’)
that have the same crystalline phases and statistically the
same compositions and average diameters of Fe;O, suggests
that there is a polydispersity of magnetic moment within the
FePt-Fe;O, nanoparticle heterostructures. This was consis-
tently observed in several separately prepared FePt-Fe;O,
samples. Figure 6 shows the FC and ZFC magnetization data
for each isolated fraction. At 300 K (the temperature of the
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Figure 6. FC (open symbols) and ZFC (filled symbols) magnetization
curves of the as-synthesized FePt-Fe;O, particles compared to particles
isolated from the indicated peaks in the chromatogram. H=100 Oe.

DMCR separation), the magnetization of the particles that
eluted in peak B’ is significantly lower than that of the
particles eluted in peak C'. The purified dimers from peak D’
have a higher magnetization than the as-synthesized sample,
highlighting the polydispersity in magnetic properties that
result from a typical synthesis of FePt-Fe;O, hybrid nano-
particles.

The dispersity in magnetic moments can be rationalized
by a variation of the Fe:Pt ratio in the FePt component of the
dimers, as suggested by EDS and ICP-AES data (Figure S10).
Particles from fraction B’ contain more Pt than the as-
synthesized sample because of the presence of small Pt
nanoparticles, and the amount of Pt decreases for the second
and third dimer fractions. ICP-AES indicates that the Fe
content is higher for particles in fractions C' and D’, mirroring
the observed increase in magnetization. Together, the data
suggest that although the nanoparticle dimers in the three
fractions have essentially identical morphologies and sizes as
observed by TEM, differences in their chemical composition
give rise to polydispersity in magnetic moments.
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In conclusion, DMCR was used to separate and purify
hybrid magnetic nanoparticles, which are challenging to
synthesize as pure samples in high yield because of the
competition between heterogeneous seeded growth and the
nucleation of isolated particles under the same reaction
conditions. DMCR enables interrogation of the magnetic
properties of pure samples that are free from ensemble
averaging effects, which are otherwise unavoidable (and often
undetectable using the most traditional and well-established
characterization tools) in as-synthesized samples.

Experimental Section

Synthesis: Full experimental details are included in the Supporting
Information and are based on literature procedures for Au and Au-
Fe;0,,! and FePt-Fe;O, nanoparticles.”” Briefly, Au nanoparticles
were synthesized from H[AuCl,] in oleylamine at 85-90°C. Au-Fe;0,
was prepared by injecting [Fe(CO)s] into a mixture of oleic acid and
octadecene at 120°C, followed by addition of Au nanoparticles in
hexanes and refluxing for 30 min. FePt-Fe;O, dimers were made by
reacting [Pt(acac),] in octadecene with [Fe(CO)s] and oleic acid at
elevated temperature. All nanoparticles were isolated by repeated
precipitation with ethanol or 2-propanol followed by centrifugation
and redispersion in hexanes.

Purification: DMCR purification was performed using a previ-
ously described apparatus.'” Analytical- and preparatory-scale
DMCR separations were performed using 250 and 700 pum diameter
capillaries, respectively, with a hexane mobile phase and an applied
magnetic flux density of up to 2 T.

Characterization: Low-resolution TEM images were acquired
using a JEOL-1200EXII TEM operating at 80 keV. HRTEM images,
EDS, and SAED patterns were collected using JEOL-2010 LaB, and
JEOL-2010F. UV/vis absorbance spectra were obtained with a
Cary 500 spectrometer. XRD data were collected on a Bruker
Advance D8 X-ray diffractometer using Cug, radiation. DC magnet-
ization measurements were performed using a Quantum Design
SQUID magnetometer. Experimental details are described in the
Supporting Information.
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