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urrently, there is great interest in

the development of nanoparticles

that combine multiple functions or
properties not obtainable in individual
materials."”? New nanoparticles that com-
bine an optical signature with other physi-
cal properties are particularly useful, en-
abling optical addressability for tracking or
monitoring particles in addition to other
properties. A very useful strategy for impart-
ing optical properties at the nanoscale in-
volves the integration of noble metals and
their associated localized surface plasmons
into the particle or structure. The growth of
a thin Au shell layer around a functional
nanoparticle core provides a practical and
highly general approach for adding optical
addressability to virtually any type of
nanoparticle.>* Au shell layers provide a
strong plasmon resonant optical response
to the nanoparticle, with a resonant fre-
quency determined by geometry, the di-
electric properties of the nanoparticle core,
and the surrounding medium of the nano-
particle.® In addition, the Au shell layer pro-
vides a relatively chemically inert surface
layer that can be functionalized to enhance
solubility in various media, promote bio-
compatibility, and preserve the properties
of the core material.

In this paper, we report the combina-
tion of resonant optical and magnetic prop-
erties in a single nanostructure, accom-
plished by the growth of a Au shell layer
around magnetic iron oxide nanoparticle
cores. Previously reported studies combin-
ing plasmonic and magnetic nanostructures
have focused largely on iron,5~? the thermo-
dynamically favorable forms of iron oxides
such as magnetite,’'? and silica—
magnetite composites.'®'*'* Generally, par-
tial coverage of small gold nanoparticles
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ABSTRACT Nanoparticles composed of magnetic cores with continuous Au shell layers simultaneously possess

both magnetic and plasmonic properties. Faceted and tetracubic nanocrystals consisting of wiistite with

magnetite-rich corners and edges retain magnetic properties when coated with a Au shell layer, with the

composite nanostructures showing ferrimagnetic behavior. The plasmonic properties are profoundly influenced

by the high dielectric constant of the mixed iron oxide nanocrystalline core. A comprehensive theoretical analysis

that examines the geometric plasmon tunability over a range of core permittivities enables us to identify the

dielectric properties of the mixed oxide magnetic core directly from the plasmonic behavior of the core—shell

nanoparticle.

KEYWORDS: wiistite nanocrystals -
resonance - bifunctional - magnetic nanoshells

bound to the surface of the iron oxide par-
ticles has been achieved, but attaining uni-
form, continuous Au layers has been a chal-
lenge.” Here we show that wiistite (Fe,O)
nanocrystals,'®~?2 which can also form ox-
ides of higher oxidation states, can be used
as a magnetic core material and initial pre-
cursor for continuous gold shell layer
growth. Wiistite nanocrystals can be grown
in a variety of shapes and sizes; however,
the subsequent addition of a Au layer on
the nanocrystal surface modifies the over-
all nanoparticle shape, resulting in a spheri-
cal or near-spherical morphology with a
nonspherical core. In addition to a complex
morphology, the dielectric properties of
nanocrystalline wistite can also be com-
plex, dependent upon other Fe oxides that
may be present in the edges or corners of
the nanocrystal. Optical measurements
combined with theoretical analysis of the
plasmon resonant response of the wustite
core—Au shell nanostructures allow us to
deduce the permittivity of the wistite
mixed oxide core nanocrystals. While plas-
monic nanoparticles have been used exten-
sively as localized surface plasmon reso-
nant nanosensors of their environment,
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Figure 1. Schematic of Au coated iron oxide synthesis for (A) faceted and (D) tetracubic (i) core, (ii) Au decorated precursor,
and (iii) Au coated iron oxide nanoparticles. TEM images representing various stages of synthesis for (B,C) faceted and (E,F)
tetracubic (i) core (with average r; = 31.5 = 9.7 and 28.5 = 7.3 nm), (ii) Au nanoparticle decorated precursor, and (iii) Au

coated iron oxide nanoparticles.

this is the first case of the use of plasmonic properties
to assess the dielectric properties of an embedded
nanomaterial within the nanoparticle itself.
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Figure 2. Solution extinction measurements of (A) faceted
(B) and tetracubic gold coated iron oxide (i) ethanolic un-
coated cores (r; =31.5 = 9.7 and 28.5 * 7.3 nm), (ii) Au deco-
rated precursor nanoparticles (r; =32.6 = 9.0 and 28.6 =
8.5 nm) in aqueous solution, and (iii—vi) Au coated nanopar-
ticles with increasing Au thicknesses (number of particles
sized is 100, r, is 59.9 = 12.4, 65.0 = 19.9, 73.1 = 11.7, and
76.6 = 9.8 nm for the faceted cores and 40.0 + 6.7, 49.1 =
10.7, 53.8 £ 4.6, and 66.4 = 5.0 nm for the tetracubic cores
in aqueous solution. (Spectra offset for clarity.) (C) Optical
image of particles shown in A.
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The use of wistite precursors as a magnetic core ma-
terial offers several unique advantages in the design of
multifunctional magnetic nanoparticles. The metasta-
bility of wustite provides control over the size and
shape of the nanocrystal, whose properties can also be
varied with composition, by the generation of mixed
phases of wistite, magnetite, and iron in the nanocrys-
talline structure. This can be accomplished by anneal-
ing in inert or oxidizing atmospheres or by heating the
nanocrystals in a high boiling point solvent, such as
hexadecane.?®* Through manipulation of the material
composition in these ways, the magnetic behavior
could be tailored to a specific application or device.
Waistite may provide a preferable core material for
mixed magnetic—plasmonic nanoparticles since tradi-
tional magnetic nanomaterials aggregate even after Au
coating due to an extremely strong magnetic attrac-
tion.?* Further, since the material itself can undergo oxi-
dation, utilization of this core material offers an advan-
tage in control over the percentage of magnetic
material per particle as compared to composite struc-
tures where subsequent steps may be used to attach
magnetic material to a nonmagnetic core particle.’®

RESULTS AND DISCUSSION

Au shell layer growth on wistite nanocrystals is a
relatively straightforward synthetic procedure.>~% Vari-
ous stages of the growth process are depicted in sche-
matic form (Figure 1A,D). The nanoparticle morpholo-
gies at various stages of the growth process are imaged
using transmission electron microscopy (Figure 1B,C
and EF). To grow the Au shell layer on the nanocryst-
als, we began with monodisperse wiistite nanocrystals
of either faceted (Figure 1B,Ci) or tetracubic (Figure 1E,F
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i) shape, with approximate radii of 31.5 = 9.7 and 28.5 +
7.3 nm, respectively. The synthesized particles were surfac-
tant stabilized, which presents a noticeable thin, almost
transparent layer around the particles in the TEM images in
Figure 1. The nanocrystals were then functionalized with an
amine-terminated linker molecule which displaces the sur-
factant and allows for the attachment of ~2 nm Au colloid
to the nanocrystal surface (Figure 1B,C and E,F ii). The immo-
bilized colloidal gold acts as nucleation sites for electroless
gold plating onto the precursor nanoparticles to form a con-
tinuous gold shell (Figure 1B,C and EF iii, shown here with
an approximate 27 nm shell thickness). The thickness of the
gold shell layer can be controlled by varying the concentra-
tion of AuCl,;™ in the final reduction step. Although the
nanocrystalline cores are faceted or tetracubic in shape, the
Au shell layer growth results in spherically shaped particles.

The core—shell geometry of the fabricated nanopar-
ticles supports a plasmon resonant response depend-
ent upon nanocrystalline core size, Au shell layer thick-
ness, and the dielectric properties of the core, shell, and
embedding medium.® Silica core—Au shell nanoshells?®
demonstrate strong resonance absorption in the vis-
ible and near-infrared (NIR). For the silica—Au nanoshell
structure, the plasmon absorption band shifts to shorter
wavelengths as the thickness of the gold shell is in-
creased. In contrast, it has been observed that magne-
tite iron oxide cores with Au shell layers show a red-
shifted plasmon absorption peak with increasing shell
thickness.?®

Extinction spectra of the wustite core—Au shell
nanoparticles in solution are shown in Figure 2A,B. The
large core size of the nanoparticles (average approxi-
mate radii 32 and 29 nm, respectively) and the thick Au
shell layers (from 11 to 45 nm) allow for a prominent
surface plasmon resonance peak. As the shell thickness
increases (Figure 2A,B iii—vi), the plasmon peaks shift
to longer wavelengths. An optical image (Figure 2C) of
the particles represented in Figure 2A shows the corre-
sponding change in color of the nanoparticles sus-
pended in agueous solution with increasing shell layer
thickness. The wide range of colors displayed resulting
from the variation in Au shell layer thickness allows for
the potential use of these nanoparticles for spectro-
scopic or colorimetric labeling.3%3

The anomalous plasmon red shift with increasing
Au shell layer thickness observed for iron oxide cores
can be understood in terms of plasmon
hybridization.3>33 In this picture, the sphere plasmons
associated with the outer surface of the shell layer inter-
act with the cavity plasmons associated with the inner
surface of the shell (Figure 3). Two hybridized plasmons
result from this interaction, a “bright” or “bonding” plas-
mon that couples strongly to the incoming and outgo-
ing light waves and a “dark” or “antibonding” nanoshell
plasmon mode that couples poorly to the electromag-
netic far field. The coupling of a plasmon mode to inci-
dent electromagnetic radiation is proportional to the
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Figure 3. Hybridization in a nanoshell (A) with a low permittivity
core, such as silica, and (B) with a high permittivity core, such as
iron oxide. Dark (black) and bright (red) plasmon modes are shown
in each case. Arrows show the shift of the hybridized plasmon
modes with increasing shell layer thickness. The colored insets
show local electric field enhancements for the spherical-core geom-
etries in Figure 4A,B. A silica core is selected for insets in A, show-
ing dark (A, top) and bright (A, bottom) modes. A high permittiv-
ity core (e = 12.0) is selected for insets in B, showing bright (B, top)
and dark (B, bottom) modes. The inner radius of the core is r;= 32
nm, and the outer radius of the shell is r, = 50 nm. A Drude model
is used to represent the shell layer dielectric properties.

square of the dipole moment of the plasmon mode. A
bright plasmon mode is a plasmon mode with a large
dipole moment and a dark plasmon mode is a plasmon
mode with a small dipole moment. For the case of a
nanoshell composed of a core nanoparticle with a low
dielectric permittivity such as vacuum or silica, the cav-
ity plasmon is at a higher energy than the sphere plas-
mon. In this case, the low energy hybridized plasmon is
a bright plasmon, being more “spherelike”, and the
high energy hybridized plasmon is a dark plasmon, be-
ing more “cavitylike”. In this low permittivity regime, the
extinction spectrum is dominated entirely by the low
energy bonding nanoshell plasmon. For increasing shell
thickness, the interaction between the cavity and
sphere modes decreases, resulting in a blue shift of
the bonding mode and a red shift of the antibonding
mode (Figure 3A). For the case of a high permittivity
core material such as iron oxide, the cavity plasmon is
red-shifted to an energy below that of the sphere plas-
mon (Figure 3B). In this regime, the higher energy anti-
bonding nanoshell plasmon will have the largest excita-

. . ~ . AN
VOL.3 = NO.6 = 1379-1388 = 2009 ”&@%{¥)

1381



1382

—Spherical Core
core™ 2.04 ----Cubic Core
----Concave Cubic Core

-
™

o8}

@
Eo.e—

il =
£ 04}

w

300 400 500 600 700 800 900 1000
Wavelength (nm)

C 630 T T T

LY —»—Spherical Core

620 "\_\ -&-Cubic Core
-#-Concave Cubic Core
610} ]
¢, ,=2.04
% o o,
z 590} o
o e -
3 s80} “o..
570} R e
- e
560( \\___
559 i i 1 1 1
1.6 1.7 1.8 1.9 2
o Togr

1.2 ——Spherical Core
| ----Cubic Core
----Concave Cubic Core

Extinction (a.u.)
o e o
B [=2] (=]

e
N

300 400 500 600 700 800 900 1000
Wavelength (nm)

535 --Slpherical Core ' L
530/~ Cubic Core e
-#-Concave Cubic Core ‘_.f':;,—"'

£, =12.0

16 17 18 1.9 2
£ Pog

Figure 4. (A,B) Theoretical comparison of extinction spectra for nanoshells with cores of different shapes: spherical (blue
solid line), cubic (red dashed line), and concave cubic (green dash-dotted line). The outer radius of the shell is r, = 50 nm,
and the effective radius of the core is res = 32 nm. The core dielectrics are (A) silica (¢ = 2.04) and (B) an artificial material with
€ = 12.0. (C,D) Calculated LSPR shifts of the (C) bonding dipolar nanoshell resonances for a silica core and (D) antibonding di-
polar nanoshell resonances for an artificial core with € = 12.0, as a function of the ratio of the outer radius of the shell, r,,

to the effective core radius res = 32 nm.

tion cross section since it consists primarily of the
dipole-active sphere plasmon. However, the lower en-
ergy bonding plasmon with its dominant contribution
of the cavity plasmon will also be present in the spec-
trum. The primitive cavity plasmon acquires a dipole
moment in the presence of the core. For increasing shell
thickness, the high energy bright antibonding plas-
mon will red shift and the low energy bonding plas-
mon will blue shift. The experimentally observed spec-
tral red shift with increasing shell layer thickness is,
therefore, consistent with the case of a nanoshell with
a large permittivity core material and agrees with the
plasmonic properties of other iron oxide core—Au shell
nanoparticles that have been reported.?”?

To better understand the plasmonic properties of
our wstite core—Au shell nanoparticles, we investi-
gated the effects of the various core shapes fabricated
on the plasmonic properties of core—shell nanoparti-
cles using the finite-difference time-domain (FDTD)
method. A realistic gold dielectric function was used in
these calculations.3*3> A comparison of the extinction
spectra for nanoshells of spherical, cubic, and concave
cubic cores which have the same core and shell vol-
umes is shown in Figure 4A, for the case of a low per-
mittivity core (silica), and Figure 4B, for a model high
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permittivity core case (¢ = 12.0). For a silica core ma-
terial (Figure 4A), the dipolar resonances for the nano-
particles with cubic and concave cubic cores are slightly
red-shifted compared to the nanoshell with a spherical
core. For the cubic core, and more strongly for the con-
cave cubic core, an additional quadrupolar plasmon
resonance appears at nominally 540 nm. Figure 4B
shows the calculated spectra for the same structures in
Figure 4A but with cores filled with an e = 12.0 artificial
material. In this case, the bonding modes of the cubic
and concave cubic cores are damped and higher order
modes are excited. The experimentally observed plas-
mon mode is the antibonding dipolar resonance, which
is the main resonance in the concave cubic core case.
The differences in the optical properties of
core—shell plasmonic nanoparticles introduced by a
nonspherical core are due to the reduction of symme-
try introduced by the variations in core geometries. For
a system of spherical symmetry, only primitive plas-
mons of the same multipolar symmetry interact and
hybridize.3%%” The spectrum for the spherical core in Fig-
ure 4A, for example, displays only dipolar nanoshell
resonances due to the hybridization of the dipolar
sphere plasmon mode with the dipolar cavity plasmon
mode. When the spherical symmetry of the core is bro-
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ken, however, primitive plasmons of
different multipolar symmetry can in-
teract, resulting in the appearance of
new modes in the spectrum due to
the mixing of, for example, dipolar
sphere plasmon modes with higher
order cavity plasmon modes. This ad-
ditional interaction also leads to
larger shifts of the hybridized plas-
mon resonances. For the cubic silica
core spectrum shown in Figure 4A,
the symmetry breaking is relatively
weak and results in a red shift of the
dipole resonance and the appearance
of a weak quadrupolar resonance dis-
cerned as a slight shoulder at 540
nm on the short wavelength side of
the dipolar resonance. For the con-
cave cubic core, this effect is strong-
er, resulting in a more significant red
shift of the dipolar mode and the ap-
pearance of a clearly distinguishable
quadrupolar plasmon resonance at
540 nm. The calculated localized sur-
face plasmon resonance (LSPR) shifts
of the bonding dipolar nanoshell
resonance as a function of shell thick-
ness for the three different silica core
shapes are shown in Figure 4C,D, for
low (e.g., silica) and high permittivity
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Figure 5. (A) Theoretical color contour representation of the extinction spectra for different
core dielectric permittivities and shell thicknesses for the same effective core radius of re; =
r; = 36 nm. Each panel shows the extinction spectra for a fixed €. With the shell radius in-
creasing from r, = 50 to r, = 70 nm. The color corresponds to the extinction cross section val-
ues normalized to the maximum extinction value. The surrounding medium is water (dielec-
tric constant of 1.77). (B—D) Theoretically calculated extinction spectra for spherical
nanoshells with different shell thicknesses (where re¢ = r; = 36 nm) normalized to the thin-
nest shell extinction peak, using a (B) high core dielectric permittivity of 22, (C) core dielec-
tric permittivity of 12, and (D) low core dielectric permittivity of 2. The bright mode does not
significantly shift in D and red shifts in B to higher wavelengths. The best match to the experi-
mental data is shown in C.

cores, respectively. To allow for a
meaningful comparison of the opti-
cal properties of nanoshells of different core shapes,
an effective core radius r.g, defined as the radius of a
spherical core of the same volume as the actual core,
is used. For the silica permittivity case, a blue shift of the
bonding nanoshell resonance is clearly observed with
increasing shell thickness: for the high permittivity case,
the opposite trend is observed. The qualitative fea-
tures of these wavelength shifts do not depend strongly
on the detailed shape of the core. (Local field enhance-
ments for the lowest order dipolar modes of the struc-
tures depicted in Figure 4 are shown in the Supporting
Information Figure S1.) This analysis reveals that the
shape of the dielectric core has only a minor influence
on the extinction spectra and that core geometry does
not affect the experimentally observed shell thickness
dependent plasmon wavelength shifts.

On the basis of this analysis, the dielectric permittiv-
ity of the core material, not the shape of the core, is a
major controlling factor in the plasmon resonant re-
sponse of core—shell nanoparticles. We can take advan-
tage of the dependence of the plasmonic properties
on core permittivity to estimate the dielectric proper-
ties of the core nanomaterial. This is important since it
provides a method for measuring the dielectric permit-
tivity of nanocrystals or nanoparticles. This method is
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limited to study of dielectric functions of nanomateri-
als around which a plasmonic shell is grown. Despite
the limited accuracy of this approach, it is to our knowl-
edge the only available method for estimating the di-
electric properties of nanocrystals or nanoparticles,
which may differ significantly from the dielectric prop-
erties of the bulk phases of the material. This is particu-
larly of interest for the case of exotic nanomaterials,
such as wistite nanocrystals, where mixed oxidation
states of iron oxide may be intentionally or unintention-
ally introduced into the nanostructure. To examine the
core permittivity dependence of the plasmonic proper-
ties, the plasmon resonant response of Au nanoshells
with a spherical core for a large range of core permittiv-
ities was calculated using Mie theory (Figure 5). Core
permittivities ranging from & = 2 to ¢ = 22 were calcu-
lated for the same size core—shell nanostructures. In
each case, the core radius was r;= 36 nm, and the outer
radius of the nanoparticle r, was varied between 50
and 70 nm (Figure 5A). From this comprehensive map-
ping of the plasmonic properties of the core—shell
structure, we can clearly observe the thickness depend-
ent plasmon resonant wavelength shifts and their de-
pendence on core permittivity. From the waterfall plots
of Figure 5A, we see that for lower values of the core
permittivity there is essentially no wavelength shift of
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Figure 6. Powder X-ray diffraction patterns for (i) iron oxide core nanopar-
ticles (tetracubes), (ii) Au nanoparticle decorated precursors, and (iii) Au
coated iron oxide nanoparticles (with 10.9 nm shell thickness). (B) XRD peak
positions for (i) wistite, (ii) magnetite, and (iii) gold.
the plasmon resonance for the r; and r, values studied.
As the core permittivity is increased, however, several
changes in the plasmonic properties are introduced.
Figure 5B—D shows representative spectra extracted
from the waterfall plots of Figure 5A for cores with & =
2, 12, and 22, for qualitative comparison to our experi-
mental spectra. In these spectra, we see that, for core
permittivities smaller than 8, the low energy bonding
mode always blue shifts and is attenuated with increas-
ing shell thickness. For core permittivities larger than
8, the antibonding mode becomes visible, and a strong
red shift of this mode with increasing shell thickness is
apparent for core permittivities of 10 and above. Al-
though the experimentally determined permittivities
for bulk wiistite and magnetite are smaller than 8 in the
wavelength region of interest,® simulations modeling
the core using bulk permittivity values, or a combina-
tion of both, do not show qualitative agreement with
our experimental observations. The best match to our
experimental data is found for e = 12 (Figure 5C). From
these observations, we conclude that the effective per-
mittivity of our nanocrystalline cores is quite likely in the
e = 10— 14 range, significantly larger than bulk permit-

A’

Figure 7. (A) Optical images of (i) Au decorated iron oxide precursor particles, (ii) Au decorated

tivity measurements which range from ¢ = 4.8 to 5.8
for wistite and & = 5.5 to 6.1 for magnetite in our wave-
length range. 3%

To determine the crystallinity and structure of the
iron oxide core nanoparticles in the nanoshell compos-
ites, powder X-ray diffraction (XRD) was utilized. As
shown in Figure 6, the peak position and relative inten-
sity of all diffraction peaks for the three products match
well with standard powder diffraction data. The wis-
tite peaks correlate with a cubic phase with cell param-
eters a = ¢ = 4.32 A and space group Fm3rm (225)
(JCPDS card no. 98-000-0464). The presence of addi-
tional peaks in the XRD spectra (Figure 6A,B) shows a
slight oxidation of wiistite to magnetite. The existence
of magnetite in the XRD spectra of the particles is due
to mild oxidation of the outermost layer of the originally
formed metastable wiistite nanoparticles. After decom-
position, these particles are exposed to air, which re-
sults in the formation of a thin layer of magnetite on the
surface and edges of the particles. Since both magne-
tite and maghemite (y-Fe,Os; P4332; no. 212; a = 8.346
R) have the same cubic inverse spinel structure and unit
cells with only ca. 1% difference,*®* Raman spectros-
copy (Supporting Information Figure S2) was used to
confirm that maghemite was not present.*' XPS data
(Supporting Information Figure S5 and Table S1) also
confirm the presence of magnetite as well as a small
(<10%) amount of elemental Fe. This is consistent with
the reported decomposition of wiistite.*> The magne-
tite crystals present in the iron oxide cores have a cu-
bic phase with cell parameters a = ¢ = 8.3969 A and
space group Fd3m (227) (JCPDS card no. 98-000-0294).
Our group has previously published detailed character-
ization including dark field TEM images and selected
area electron diffraction patterns for single crystals pre-
pared under the same reaction conditions in Hofmann
et al.?® The reported data present unequivocal evidence
that the core of the nanoparticle is composed of wiis-
tite, and the distribution of magnetite is concentrated
to the corners and edges. Interestingly, the Fe;0, do-
mains exist within the predominant Fe,O crystal lattice
of the nanoparticle and remain aligned with it. Once the
iron oxide is functionalized and decorated with small
Au nanoparticles for Au shell layer
growth, a small peak attributed to
gold can be observed (Figure 6A ii).
When a continuous Au shell is
formed on the particles (with a
thickness of 10.9 nm), the diffrac-
tion from Au dominates the pat-
tern (Figure 6A iii), due to its high
electron density.** The Au diffrac-
tion peaks indicate a cubic phase
of Au with cell parametersa = ¢ =
40786 A and space group Fm3m
(225) (JCPDS card no. 98-000-

iron oxide precursor particles with magnet, (iii) Au coated nanoparticles, and (iv) Au coated nano-

particles with magnet. (B) Representative SEM image of the shells shown in iv.

A‘“t\ial\\@) VOL.3 = NO.6 = LEVIN ET AL.

0230).

www.acsnano.org



>

20 0.8
15 —m— 100 K uncoated Aﬁﬁﬁ 06 —u— 100 K Au coated
7 —4—250 K uncoated AQ 07 —4— 250 K Au coated
AA‘==:=. W
10 AAA.l' 0.4
— g —_
D 5 D) o.2-
=] =]
€ o £ o0 ;
[) 7.0 (1) 0.30
= -5- ‘ = V-o 2 0.15
s 5 ...? g 3.5 = s -0 x#‘ %
¢ 3
104 .-::AAA 5 0.0 / 04 . Eo.oo
15 et = 06 N e
15 mn K -0.6 !
daast 04 00 04 03004 08 04
-20 : : — 1O 08 : @
4 0 4 -4 0 4
H(T) H(T)

Figure 8. Magnetization as a function of magnetic field at constant temperature (100 or 250 K) for (A) uncoated and (B) Au
coated iron oxide nanoparticles (tetracubic, with 10.9 nm shell thickness, where insets show the magnetic hysteresis).

To test if the particles were macroscopically mag-
netic, a permanent magnet was placed adjacent to the
vials of Au decorated iron oxide precursors and Au
coated iron oxide nanoparticles (Figure 7A). The materi-
als were attracted to the magnet, leaving the solutions
transparent. A high magnification SEM image (Figure
7B), representative of the nanoparticles shown in Fig-
ure 7A, verifies that the particles are magnetic even
with a complete, continuous Au coating.

Since the various iron oxides possess different mag-
netic properties, magnetic measurements were per-
formed to better characterize the magnetic properties
of this mixed oxide system. Magnetite is a well-known
ferrimagnetic material, while wustite is antiferromag-
netic'” or weakly ferrimagnetic.*** In ferrimagnetic ma-
terials, the magnetic moments of the two sublattices
align antiparallel, but do not cancel. This type of mag-
netic ordering differs from ferromagnetism and antifer-
romagnetism, where in the former all of the magnetic
ions align parallel to each other, and in the latter there
are two sublattices with magnetic moments exactly
equal but which align antiparallel, and the net moment
is zero in zero magnetic field. Alignments of these sub-
lattices occur below a certain critical temperature,
called the Curie temperature Tc (for ferromagnets and
ferrimagnets) or the Néel temperature Ty (for antiferro-
magnets).

Magnetite has a Curie temperature (T¢) of 858 K,
where T¢ is defined as the temperature above which a
ferromagnetic or ferrimagnetic material becomes para-
magnetic.*’” A paramagnetic material requires an exter-
nally applied magnetic field to retain any magnetiza-
tion. Wiistite has a Néel temperature (Ty) of ~195 K,
where Ty is defined as the temperature above which an
antiferromagnetic material becomes paramagnetic.*’
For wustite, this change from an antiferromagnetic or
weakly ferrimagnetic material to a paramagnetic ma-
terial is accompanied by a change in crystal structure
from monoclinic or rhombohedral to a cubic phase.!”
When an external field is applied to an antiferromag-
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netic material, a slow increase of the magnetization
with field is to be expected; however, for a ferrimag-
netic material, this change is expected to increase faster
than that of an antiferromagnetic material. Therefore,
any magnetic behavior of these nanoparticles below Tc
is expected to be dominated by the presence of mag-
netite and any contribution from iron.

Field-dependent magnetization measurements M(H)
were performed at two temperatures, T = 100 and 250
K (Figure 8), chosen to confirm that at different temper-
atures below the T = 858 K similar results are ob-
served. Zero field-cooled (ZFC) magnetization measure-
ments as a function of temperature M(T) (Supporting
Information Figure S3) show that at 300 K there is still
an increase in magnetization. Above a temperature
where the system enters the superparamagnetic state
(known as the blocking temperature), a maximum
should be expected in M(T). The absence of such a lo-
cal maximum in our M(T) data (Supporting Information
Figure S3) indicates that the material has not yet en-
tered a superparamagnetic state. The magnetization
measurements M(H) shown in Figure 8 indicate that
there is no significant change in the coercivity of un-
coated and coated iron oxide particles. The coercivity
of the materials is 58.4 == 3.2 mT at 100 Kand 35.3 = 0.5
mT at 250 K for the uncoated particles and 52.5 + 2.4
mT at 100 K and 33.5 = 1.0 mT at 250 K for those coated
with a Au shell layer. At the maximum field for these
measurements (H = 5 T), the magnetization still has a
small positive slope, and therefore, the saturation mag-
netization can be expected to be slightly higher than
that at 5 T. The remanent magnetization of the iron ox-
ide nanoparticles is 0.8374 + 0.0148 emu/g at 100 K
and 0.8659 = 0.0152 emu/g at 250 K for the uncoated
particles and 0.0387 = 0.0199 emu/g at 100 K and
0.0360 = 0.0196 emu/g at 250 K for the Au coated
nanoparticles. Since the magnetization for the Au
coated iron oxide particles was scaled by the total mass
of the material, which includes both the mass of the
magnetic iron oxide core and the non-magnetic Au
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shell, a decrease in the overall magnetization values (in-
cluding remanent and saturation magnetization) is not
surprising.

While ultrasmall Au nanoparticles have demon-
strated ferromagnetism,* at diameters larger than 4
nm, the magnetism reverts back to that of the bulk state
Au,®" where Au is known to have diamagnetic proper-
ties. For thin Au films on glass and polypropylene, a dia-
magnetic response is characterized by a linear relation-
ship between magnetization and applied field: M =
—H.>2 However, for these gold coated iron oxide nano-
particles, a hysteresis loop can be observed as shown in
the insets of Figure 8A,B. Therefore, the typical mag-
netic behavior of bulk gold is not observed in these
samples, and after Au coating, the nanoparticle still ex-
hibits ferrimagnetic behavior.

We have shown that nanoparticles consisting of a
wistite core with magnetite-rich corners and edges
can be coated with a continuous gold shell in aqueous
solution at room temperature. The procedure converts
hydrophobic iron oxide nanoparticles to water-soluble
Au coated bifunctional nanoparticles and can be ex-
tended to the immobilization of other noble metals.
The Au shell provides a surface for chemical functional-

METHODS

Materials. Tri-n-octylamine (TOA, 98%), oleic acid (OA, 90%),
tetrachloroauric acid (HAuCl,®3H,0), tetrakis(hydroxymeth-
yl)phosphonium chloride (THPC, 80% solution in water),
3-aminopropyltriethoxysilane (APTES, =98%), and hexane were
purchased from Sigma-Aldrich (St. Louis, MO). Hexane was dis-
tilled using standard procedures.>* Sodium hydroxide (NaOH, 1
N), sodium chloride (NaCl, Biological, Certified), potassium car-
bonate (K,COs, Certified ACS), and formaldehyde (37%) were ob-
tained from Fisher Scientific (Hampton, NH). Two hundred proof
ethanol was obtained from Decon Laboratories, Inc. (King of
Prussia, PA). Ultrapure water (18.2 M(Q resistivity) was obtained
from a Milli-Q water purification system (Millipore, Billerica, MA).

Synthesis. Reactions were carried out using standard Schlenk
techniques. The formation of the iron oxide nanoparticles was
accomplished by the decomposition of 0.5 g iron formate
(Fe'"(HCOO),#2H,0) in the presence of a tri-n-octylamine: oleic
acid (7:1 mL, TOA/OA) surfactant system with the addition of 100
pL of HPLC grade H,0, under inert atmosphere at elevated tem-
peratures (ca. 370 °C). This protocol has been reported to yield
nanoparticles composed of a wiistite core with magnetite-rich
corners and edges.?® The particles were then centrifuged three
times for 10 min at 2224 RCF, redispersed each time in 10 mL of
dry hexane, and dried under vacuum without heating.

The precursor nanoparticle solutions used in the present
study were fabricated following a similar procedure as the previ-
ously reported methods for the immobilization of Au nanoparti-
cles on silica?>? or hematite?’ surfaces. The surface of the iron
oxide nanoparticles was functionalized with organosilane mol-
ecules (APTES or APTMS) to generate an amine terminated sur-
face. APTES or APTMS functionalization was performed by one of
two methods, either by (1) centrifuging an additional three
times, redispersing in 200 proof ethanol, and under vigorous stir-
ring, the quick addition of 600 L of APTES; or by (2) silane ligand
exchange, where in a glass container under ambient condi-
tions, 0.5% (v/v) APTES was added to the nanoparticles in hex-
ane containing 0.01% (v/v) acetic acid® causing precipitation of
the particles. The particles were stirred overnight and then rinsed
by centrifuging and redispersing with either ethanol (method

ity and long-term stabilization of the core material. Ad-
ditionally, controlled oxidation of metastable wistite by
varying exposure of the particles to different environ-
mental conditions allows for tunability over the materi-
als’ magnetic properties, while varying the Au shell
thickness provides tunability of the plasmonic proper-
ties. Theoretical analysis of the plasmonic properties of
these nanoparticles suggests that the plasmonic red
shift that occurs with increasing Au shell thickness is
due to a large dielectric permittivity of the core. On the
basis of our simulations, we estimate the core nanocrys-
tal permittivity to be in the e = 10— 14 range, larger
than the bulk permittivities of wiistite and magnetite
previously reported. The exhibited ferrimagnetic prop-
erties of the composites before and after Au coating can
be quite useful in biomedical applications, for separa-
tion processes, and as MRI contrast agents. Since mag-
netic core—shell nanostructures have been shown to
assemble under an applied magnetic field,> assembly
of the nanoparticles into arrays or superlattices could be
utilized to study plasmon coupling in long-range peri-
odic structures, which may lead to the development of
new types of photonic—magnetic nanodevices.

1) or water (method 2) to get rid of any excess APTES. Surface
functionalization with silane ligand exchange (method 2) was
used when the hydrophobic surfactant coating could not be dis-
placed by method 1.

A colloidal gold solution yielding ~2 nm Au particles was
prepared using THPC as the reductant according to Duff et al.*®
and was refrigerated for at least 2 weeks before use. The precur-
sor nanoparticle solution was made by the addition of 40 mL of
the aged THPC colloidal gold solution, 4 mL of 1 M NaCl, and 500
wL of APTES functionalized iron oxide nanoparticles and refriger-
ated overnight. The precursor solution was then centrifuged
three times until the supernatant was colorless at 300 RCF for
30 min to remove excess free colloidal gold nanoparticles and
was redispersed each time in Milli-Q water with a sonicating
probe.

A 44 uM HAuCl, plating solution was produced by the addi-
tion 1 wt % chloroauric acid to 1.8 mM aqueous K,COs. The solu-
tion was stored for a minimum of 12 h in the dark. Au coated
iron oxide nanoparticles were synthesized by the reduction of
AuCl,” ions in the plating solution by formaldehyde onto the
precursor nanoparticles. Shell thickness was controlled by vary-
ing the ratio between the precursor particles and aqueous
AuCl,~ ions. Complete shell growth took about 10 min and was
monitored by solution extinction measurements.

Characterization. Transmission electron microscope (TEM) mi-
crographs were obtained using a JEOL 2010 TEM. Scanning elec-
tron microscope (SEM) images were obtained on a FEI Quanta
400 environmental SEM at an accelerating voltage of 20 kV. Ex-
tinction spectra were obtained using a Cary 5000 UV/vis/NIR
spectrophotometer. X-ray diffraction (XRD) patterns were ob-
tained using a Rigaku Ultima Il vertical 6—6 powder diffractome-
ter (Cu Ko, A = 1.5418 A). XRD patterns between 20° < 26 <
70° were collected. Materials Data, Inc. (MDI) JADES8 software was
used to subtract the background. Raman spectra were collected
on a Renishaw inVia Microscope, using a 785 nm excitation
source with a 1.5 mW laser power. X-ray photoemission spectros-
copy (XPS) was performed on a Phi Quantera XPS spectrometer;
solid samples were prepared by pressing them onto indium foil.
Magnetization measurements as a function of applied field and
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temperature M(H,T) were performed in a Quantum Design Mag-
netic Properties Measurement System (QD MPMS) (T = 1.8—400
K, Hmax = 7.0 T).
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