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Core-shell particles Fe,P@AuU have been prepared beginning with Fe,P nanorods, nanocrosses and
nanobundles prepared from the solvothermal decomposition of H,Fes(CO)s(nz-P'Bu). Iron phosphide
structures can be produced from a single-source organometallic precursor with morphological control
by varying the surfactant conditions to yield fiber bundles and dumbbell-shaped bundles ranging from
nanometers to microns. Derivatization of the surfaces with y-aminobutyric acid was used to attach Au
nanoparticle seeds to the surface of the Fe,P nanoparticles followed by completion of the Au shell by
reduction with formaldehyde or aqueous HAuUCl,/CO, with the latter giving somewhat better results.
Shell thickness ranged from an incomplete, partially coated Au shell to a thickness of 65 + 21 nm by
varying the amount of gold decorated precursor particles. Increasing the thicknesses of the Au shells
produced a redshift in the plasmonic resonance of the resulting structures as was observed previously

rsc.li/rsc-advances for FeO,@AU.

Introduction

Much insight has been gained into the control of the size and
shape of nanoparticles over the past few years, which in turn
allows for their rational design by tuning their various proper-
ties. For example, magnetic nanoparticles have been investi-
gated for use in catalysis, data storage, and biomedical
applications.’® Focus has now turned to combining nano-
particles having different properties to make multifunctional
materials.” Some studies have examined the coupling of cata-
lysts with magnetic nanoparticles for easy recovery of the cata-
lyst.*? Other systems have combined magnetic nanoparticles
with fluorescent semiconductor quantum dots to obtain
multifunctional nanoparticle systems.*®

When incorporating magnetic nanoparticles into systems
intended for biological applications, careful consideration must
be taken to ensure the biocompatibility of the system. Magnetic
nanoparticles are often synthesized in organic media and cap-
ped with long chain organic surfactants. Therefore, surface
functionalization of these particles must be performed to make
them biocompatible, one example being the use of starch-coated
superparamagnetic iron oxide nanoparticles for in vitro thermal
ablation of cancer cells."* A variety of successful approaches for
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the functionalization and incorporation of magnetic nano-
particles into biological systems have been reported.”>**

The combination of gold with magnetic nanoparticles in
a core-shell structure presents an interesting bifunctional
system. Gold is well-known for its biocompatibility and plas-
monic properties, making it an optimal choice for the surface-
coating of a variety of nanoparticles to produce a non-toxic,
water soluble material that can be optically tracked within the
body. The gold surface, being relatively chemically inert, resists
oxidation and provides protection for the core particle. Addi-
tionally, owing to its high electron density, gold can be visual-
ized easily by microscopy.

Gold has been used to coat diamond, metal, metal alloy and
metal oxide nanoparticles for uses in plasmonic materials,
catalysis and medical diagnostics and treatment.’>*® We have
reported the use of faceted or tetracubic iron oxide nano-
particles as cores coated with a gold shell layer.*” In this work, it
was shown that substitution of the core with a nonspherical
morphology results in differences in the optical properties of
these materials due to the reduction of symmetry introduced by
variations in core geometry. When the spherical symmetry of
the core was broken, new plasmon modes and larger shifts
appeared in the spectrum, due to the mixing of plasmons of
different multipolar symmetry. Other anisotropic core-Au shell
morphologies have also been reported, including rice-shaped
Fe,0;-Au*® and Au-FeOOH nanomaterials.> Elongated struc-
tures are particularly interesting because they exhibit two
plasmon resonances, transverse and longitudinal. The longi-
tudinal plasmon is polarization dependent and its position is
highly sensitive to the aspect ratio of the particles.****

We have been exploring the preparation of metal pnictide
nanoparticles and thin films from single source precursors,
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which has proven a successful method for preparing phase-pure
materials. Using H,Fe;(CO)o(us-P'Bu) we have been able to
prepare a variety of Fe,P nanostructures including split
bundles, T-shapes, and crosses.?* These structures are prone to
crystal splitting and a variety of morphologies can result, and
they have magnetic moment values ranging from 2 to 3 ug at the
saturation magnetization. We have also reported on the deriv-
atization and coating of iron oxide nanoparticles with a gold
shell along with their photonic properties.”” Coupling magnetic
and plasmonic properties in one particle increases functionality
and attaining a continuous Au layer enhances solubility and
promotes biocompatibility. For example, analytical techniques
that rely on plasmonic properties, such as surface plasmon
resonance and surface enhanced Raman spectroscopy can be
combined with magnetic techniques, such as separation,
isolation, and purification. The anisotropic morphology of Fe,P
structures is optically interesting because coupling between the
plasmons will differ depending on the number and orthogo-
nality of the particle arms. Two separate reducing agents were
investigated for the reduction of gold onto the Fe,P particle
surface, formaldehyde and carbon monoxide. Both of these
approaches are presented, along with the corresponding
experimentally observed solution extinction spectra for varying
degrees of shell thickness.

Experimental
General procedures

The Fe,P nanorods and nanobundles were prepared as reported
previously.*”** Gold () chloride hydrate, y-aminobutanoic acid
(GABA), and tetrakis(hydroxymethyl)-phosphonium chloride
(THPC, 80% solution in water), were obtained from Aldrich.
Formaldehyde (37% solution in water/ethanol) and potassium
carbonate were purchased from Fisher Scientific. Carbon
monoxide was obtained from Matheson TriGas. Milli-Q water
was obtained from a Millipore Total Q system. Ultraviolet-
Visible (UV-Vis) absorption studies were performed in
aqueous solution in 1 cm path length polystyrene cuvettes
(Fisher Scientific) on a Varian Cary 5000 UV-Vis-NIR scanning
Spectrophotometer (300-1000 nm with 1 nm steps).

Core-shell nanostructure formation

The iron phosphide nanoparticles were coated with gold using
a procedure based on that described by Oldenburg et al. for
coating silica NPs.*® The method was modified because the 3-
aminopropyltrimethoxysilane (APTMS) used by Oldenburg et al.
was not applicable to the iron phosphide system, as the
-Si(OMe); end of the molecule would not bind to the iron
phosphide nanoparticles due to the absence of any oxygen
atoms at the surface. Therefore, y-aminobutanoic acid (GABA)
was used instead, with the carboxylic acid functionality for
binding to the surface of the Fe,P nanoparticles and the amine
group for the attachment of small (~1 to 2 nm) colloidal gold
nanoparticles (Scheme 1). This ligand exchange step also served
to increase the particles’ water-dispersibility by replacing the
hydrophobic oleic acid surfactant. The gold colloid (THPC gold
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Scheme 1l Functionalization of the Fe,P nanostructures with GABA via
ligand exchange.

solution composed of 1-2 nm Au colloid) was prepared
according to Duff et al** Under rapid stirring, 1.2 mL of 1 M
NaOH was added to 180 mL of H,O, followed by the addition of
4 mL of a 1.2 mM aqueous THPC solution to yield a final THPC
concentration of 2.6 pM. After 5 min of continuous stirring, 6.75
mL of 1 wt% aqueous chloroauric acid was added in one quick
motion, after which the solution immediately turned to
a medium brown color. The final solution was refrigerated and
aged for at least 2 weeks before use. The product has a shelf life
of ~6 months when stored at 4 °C.

In a typical procedure, 0.25 g of H,Fe;(CO)o(15-P‘Bu) was
placed in a mixture of tri-n-octylamine and oleic acid in a suit-
able ratio (vide infra) totalling approximately 8 mL. The solution
was heated slowly to >320 °C, upon which the solution turned
black indicating the formation of a colloidal solution. The
solution was cooled and the particles were precipitated by
addition of ~10 mL of ethanol. The supernatant was removed,
and hexanes added to the flask. The resulting suspension was
then transferred to a centrifuge tube; the resulting black solid
was washed several times with hexanes to remove any residual
surfactant. A solution of 0.10 g (1 mmol) of GABA dissolved in
~1-3 mL of deionized water was prepared in a scintillation vial.
The iron phosphide particles were suspended in hexane (~5
mL) and added dropwise to this solution with vigorous stirring.
The resulting solution was stirred overnight at room tempera-
ture. When the stirring was terminated, the less dense hexane
layer was clear and the aqueous layer was dark gray, indicating
that the surfactant exchange had been successful, producing
water-dispersed iron phosphide particles. The particles could
be isolated by centrifugation of the aqueous layer. A series of
washes with water, involving the centrifugation of the sample
followed by the removal of the supernatant and re-dispersion of
the particles in water, were performed to remove any excess
GABA present.

Decorated precursor nanoparticles were prepared by
combining 40 mL of the colloidal gold solution with a concen-
trated solution of the GABA-functionalized iron phosphide
nanoparticles in ethanol (~1 mL) and 4 mL of 1 M NaCl in a 50
mL centrifuge tube. The tube was shaken, then sonicated briefly
and placed in a refrigerator overnight. The solution was
centrifuged, leaving a small pellet at the bottom or side of the
tube. The optimum centrifuge conditions were found to be 3000
ref for 20-30 minutes. The supernatant was removed, and the
precipitated solid was washed three times with deionized H,O
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by centrifugation at 3000 rcf for 30 min per centrifugation cycle
to remove any excess free unbound colloidal gold (bright red
color). When redispersed, the resulting pellet generated an
aqueous suspension of gold-decorated nanoparticles purple in
color.

Varying amounts of a stock solution of the Au-decorated
precursor nanoparticles (vide supra) suspended in 5 mL DI
H,O0 were added to an aqueous potassium carbonate-gold(i)
chloride hydrate (K,CO5;/HAuCl,) solution. The plating solution
was made using 400 mL Milli-Q H,0, 0.1 g K,CO; (0.72 mmol),
and 6 mL of an aqueous 1% HAuCl, solution (~0.02 mmol).
These conditions were tested based on previous experiments
with other core particles.* The colloidal gold on the surface of
the Fe,P nanostructures functioned as nucleation sites for the
reduction of Au®" to Au® using either formaldehyde or carbon
monoxide. In the case of formaldehyde, 20 mL of formaldehyde
solution was added to the decorated precursor/plating solution
(50, 75, 100, or 125 pL of decorated precursor solution
combined with 3 mL of plating solution) and the vial was
shaken in order to initialize the reaction and ensure that the
reduction was homogeneous throughout the solution. After
extinction spectra were acquired, the solutions were centrifuged
and washed with Milli-Q H,O in order to stop the reaction and
remove any residual formaldehyde. A similar procedure was
followed employing CO reduction of the chloroauric acid. When
CO was used as the reducing agent, 6 mL of the plating solution
was combined with varying amounts of decorated precursor
solution (25, 50, 75, 100, and 125 pL) in a vial and the solution
was bubbled with CO for ~1 minute. As the solution was
bubbled, the color changed to varying shades of pale gray to
pink, depending on the thickness of the gold shell formed. The
products were characterized using UV-Vis spectroscopy and
TEM. TEM grids were prepared by dispersing the product
nanoparticles in hexane (~5 mL) and drop casting onto the
TEM (carbon-coated copper) grids. The solvent was evaporated
and the sample analysed using JEOL 2000FX and JEOL 2010
microscopes.

Results and discussion

The rod, bundled-rod and crossed-bundle configurations of the
Fe,P particles led us to consider creating photonic materials
based on their anisotropic shapes. Attempts to coat the Fe,P
nanoparticles directly with gold without prior functionalization,
however, were not successful. The first step toward the forma-
tion of Fe,P-Au core-shell structures was the functionalization
of the Fe,P nanoparticles to promote water solubility and
introduce a linker for the attachment of small gold colloid.
There are a variety of publications in which ligand exchange was
used to transfer nanoparticles from organic to aqueous solu-
tions.***® In the case of silica-Au nanoshells, amino-
propyltriethoxysilane (APTES) was used to functionalize the
silica cores before the deposition of gold.** Previous reports for
the synthesis of iron oxide nanoparticles with a gold shell used
a ligand exchange reaction with an aminosilane (such as APTES)
to displace the long-chain surfactants, resulting in hydrophilic
nanoparticles.”***** This approach was attempted in the iron
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phosphide system, but was unsuccessful, likely because the
functionalization with APTMS is thought to occur through the
free hydroxide terminal groups on the surface of the nano-
particles that would bind easily to the silane moiety. As this
kind of functionality is not present on the Fe,P nanoparticles,
a different approach was taken to the solubilization. Decoration
of the core nanoparticles with colloidal gold is known to take
place via the dative bonding of the lone pair of terminal -NH,
groups to the gold nanoparticles,**> as was seen in the func-
tionalization of the aminosilane-coated iron oxide nano-
particles. The capping agent chosen was y-aminobutyric acid
(GABA) because it is a short-chain molecule with both amine
and carboxylic acid functionalities. It was believed that the
carboxylic acid would bind to the surface of the iron phosphide
particles, displacing the oleic acid present in the original
system, leaving the amine functionality available for binding to
the colloidal gold nanoparticles. Fig. 1 shows an example of the
Au-decorated Fe,P nanorods.

Once the Au-decorated precursor nanoparticles were ob-
tained, electroless gold plating was accomplished using an
aqueous solution of HAuCl,, which was reduced onto the
nanoparticles using formaldehyde or carbon monoxide, form-
ing a layer of gold around the Fe,P nanoparticles similar to the
methods used for preparation of APTMS-based materials.*® The
thickness of the gold shell is related to the amount of precursor
solution added and the concentration of Au®" in the solution.
The general procedure for the formation of Au-coated Fe,P
nanoparticles is depicted in Scheme 2.

Formaldehyde has traditionally been used as the reducing
agent in the synthesis of silica-Au nanoshells. However, Brin-
son et al. reported the use of carbon monoxide gas as the
reducing agent to produce high quality, thin gold shell layers.*®
The results of both the formaldehyde and carbon monoxide
reductions will be presented.

Formaldehyde reduction

Bundle-like particles synthesized from H,Fe;(CO)oP‘Buinai: 1
system of TOA:OA were used for the experiments using

Fig.1 TEMimage of the Fe,P nanorod after decoration with Au colloid
(inset shows the entire nanorod).

This journal is © The Royal Society of Chemistry 2017
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Scheme 2 General procedure for the coating of Fe,P nanoparticles with gold to form Fe,P—Au nanostructures (not to scale).

formaldehyde as the reducing agent. However, the same
protocol is applicable for smaller fibers in the nano-range
synthesized with other solvent ratios.** As described by Kelly
et al.,*> a lower solvent aspect ratio yields larger, bundle-like
(split) structures and higher aspect ratio smaller, more rod-
like structures. Fig. 2 depicts the nanoparticles before and
after the treatment with GABA and decorating with gold colloid.
In the water solubilization step, some of the sheaves were split
in half, as can be seen in Fig. 2F. Aside from this, the
morphology of the Fe,P nanostructures remained the same
after functionalization with GABA.

After decorating the precursor with gold colloid, the particles
were combined in various amounts (50, 75, 100, 125, and 150
uL) with an aqueous gold plating solution (HAuCl, and K,COj3).
Formaldehyde (20 pL) was then introduced to initiate the
reduction of gold. Depending on the concentration of precursor
particles present, the shell thickness varied, as can be seen in
Fig. 3. In the cases where less precursor was added, the gold
shell was thicker and excess gold colloid was observed in the
TEM images (as seen in Fig. 3A-C).

Fig.2 TEM images of the Fe, particles (A—C) as synthesized, dispersed
in hexane and (D—-F) after being solubilized in water and decorated
with Au nanoparticles.

This journal is © The Royal Society of Chemistry 2017

As the amount of decorated precursor was increased and
combined with a constant amount of plating solution, thinner
gold shells were formed around the Fe,P structures. Extinction
measurements were taken of the Au-Fe,P core-shell structures
in order to determine their plasmonic properties as a function
of shell thickness (Fig. 4). A redshift in the plasmon absorption
peak was observed as the shell thickness increased. It is known
that the plasmon resonant response of core-shell nano-
structures will be dependent upon the core and shell dimen-
sions, as well as the dielectric properties of the core, shell, and
embedding medium.* In silica-gold core-shell nanostructures,
a blueshift is observed as the thickness of the gold shell is
increased.® Conversely, when iron oxide (Fe;O, or FeO) cores
with gold shells were studied, a redshift was observed upon
increasing thickness of the gold shell.***” This change in the
optical behavior from silica to iron oxide nanoshells has been
explained in terms of plasmon hybridization.?”**** The redshift

LG 2
&

200 nm

* i

Fig. 3 TEM images of the Fe,P nanoparticles plated with a gold shell
via formaldehyde reduction, using (A—C) 50 pL, (D-F) 75 pL, and (G-1)
125 plL of decorated precursor.
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Fig. 4 Solution extinction spectra of the Fe,P—Au core-shell particles
synthesized using formaldehyde reduction (Amax = 584 nm for 50 pl,
565 nm for 75 uL, 559 nm for 100 ulL, and 540 nm for 125 plL of
decorated precursor). Spectra offset for clarity.

in the plasmon resonance as a function of increasing shell
thickness is attributed to the high permittivity of the core iron
oxide material (as compared to silica, which has a low
permittivity).

Carbon monoxide reduction

Particles synthesized from H,Fe;(CO)oP‘Bu in 2 mL TOA and 6
mL OA were used for the experiments using carbon monoxide as
the reducing agent. Fig. 5 depicts the Fe,P nanoparticles before
water solubilization with GABA (Fig. 5A and B) and after deco-
rating with gold colloid (Fig. 5C and D).

Fig.5 TEM images of the split Fe,P rods and crosses. (A and B) Original
particles dispersed in hexane and (C and D) particles functionalized
with GABA and decorated with small colloidal gold particles. All scale
bars are 200 nm.
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As was the case with the formaldehyde system, different
volumes of decorated precursor were combined with a constant
volume of plating solution. These solutions were then bubbled
with carbon monoxide for 60 seconds. A representative SEM
image for the 50 pL decorated precursor system and TEM
images for the 75, 100, and 125 uL decorated precursor systems
can be found in the ESI (Fig. S1 and S2).t Extinction measure-
ments were performed on the Fe,P-Au solutions (Fig. 6). A more
thorough presentation of the dimensions of the particles along
with aspect ratio and shell thickness information can be found
in the Table S1.f

As was seen for the formaldehyde reduced Fe,P-Au particles,
the extinction maximum increased as the shell thickness
increased. The absorption for the sample made using 100 pL of
decorated precursor redshifted back to higher wavelength,
likely due to the fact that some of the Fe,P structures in this
sample were not completely coated with a continuous gold layer
(Fig. 7).

Gold nanorods are known to exhibit two surface plasmon
modes, longitudinal and transverse, the longitudinal mode
occurring at higher wavelengths than the transverse mode. It is
expected that the anisotropic Au-Fe,P structures should exhibit
both transverse and longitudinal modes; the values reported
here are believed to be of the higher energy transverse modes.
Frequency of the longitudinal plasmon mode is known to
depend sensitively on variations in aspect ratio***** and
polarization®" and can occur into the near infrared (IR).**
Mirkin et al. studied the extinction spectra in D,O of gold rods
of various lengths (96, 641, 735, and 1175 nm), all having
diameters of ~85 nm.* For rods with lengths of 96 nm, the
aspect ratio was close to 1, causing the transverse and longitu-
dinal modes to overlap, resulting in one broad peak at
~600 nm. As the aspect ratio was increased, the longitudinal
mode shifted to higher wavelengths, with a maximum value of
1410 nm (for the 1175 nm long rods, aspect ratio ~14). There
have also been reports of the longitudinal band occurring in the
mid IR region for Au, Ni, and Pd nanorods with aspect ratios

greater than 25.%
=i — i — v =\ —_
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A — 75
—— 50

—2Bu
N =

3

s

s
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g Volume of Decorated | width (M) | Amax (NM)

b3 Precursor

w Decorated Fe,P () | 19322 365
100 ul (i) 246 + 27 555
75 uL (i) 279£38 542
50 pL (iv) 317 £ 53 555
25 ul (v) 323+42 588

400 600 800
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Fig. 6 (A) Solution extinction spectra of the carbon monoxide
reduction with various decorated precursor volumes (spectra offset for
clarity). (B) TEM images of (i) Au-decorated Fe,P structure and the
Fe,P—Au core—shell structures synthesized by the reduction of Au
onto the surface with (ii) 100 uL, (i) 75 uL, (iv) 50 mL, and (v) 25 uL of
decorated precursor. All scale bars are 200 nm.

This journal is © The Royal Society of Chemistry 2017
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100 nm

Fig. 7 TEM image of a partially coated Fe,P nanorod from the sample
in which 100 pL of decorated precursor was used.

Fig.8 TEM images of rods, T-shapes, and crosses of unfunctionalized
FeoP nanoparticles. All scale bars are 200 nm.

Fig. 9 SEM images of rods, T-shapes, and crosses of the Fe,P—Au
core—shell structures for systems using (A—C) 25 pL and (D-F) 50 mL
decorated precursor solutions (100 000x magnification). All scale bars
are 200 nm.

Attempts to identify the longitudinal mode for the Au-Fe,P
structures were unsuccessful due to experimental limitations.
These measurements will provide more accurate information
regarding how the shape of the particle influences the plasmon
peaks, as the data presented here were collected as ensemble
measurements in water, and there are a variety of shapes and
orientations present, as seen in Fig. 8 and 9.

Conclusions

Fe,P split rods, T-shapes, and crosses were all successfully made
water soluble through ligand exchange to replace the hydro-
phobic oleic acid present on the surface following their

This journal is © The Royal Society of Chemistry 2017
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synthesis with the smaller GABA ligand. Water solubilization of
these structures allowed for them to be coated with a gold shell,
the amine group of the GABA serving to bind the colloidal gold
particles. The reduction of gold onto the surface of the Fe,P
structures resulted in thinner shell layers without the synthesis
of excess gold colloid when the reduction was performed using
carbon monoxide as opposed to formaldehyde. Their optical
properties were studied, and a redshift in the extinction
maximum was seen as the shell thickness increased. This
plasmon peak shift, as opposed to the trends seen in silica-Au
core—shell structures as shell thickness increases, is attributed
to the high permittivity of the Fe,P core. The same trend has
been reported in the coating of iron oxide (Fe,O-Fe;0,)
nanoparticles.*
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