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Abstract:

Multifunctional iron oxide-gold hybrid nanostructures have been produced via solution
chemistries and investigated for analyte detection. Gold nanoparticles of various shapes have
been used for probing surface-enhanced Raman scattering (SERS) effects as they display unique
optical properties in the visible-near IR region of the spectrum. When coupled with other
nanoparticles, namely iron oxide nanoparticles, hybrid structures with increased functionality
were produced. By exploiting their magnetic properties, nanogaps or “hot spots” were rationally
created and evaluated for SERS enhancement studies. The “hot spots” were created by using a
seeded reaction to increase the gold loading on the iron oxide support by 43% by weight. SERS
Nanomaterials were evaluated for their ability to promote surface-enhanced Raman scattering of
a model analyte, 4-mercaptophenol. The data shows an enhancement effect of the model
analyte on gold decorated iron oxide nanoparticles.
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I. Introduction:

Incident light scatters as it transmits through a chemical species. The extent to which the
electric field is distorted, the degree to which the light is scattered, is a measure of the
polarizability of the species of interest. (1) By analyzing the extent to which the species scatters
light a unique fingerprint of the species can be observed. This fingerprint is derived from the
distinctive inelastic collision scattering signal, Raman scattering. Through employing the
fingerprint capabilities of Raman scattering an advantageous spectroscopy technique can be
derived to provide data on the identity of the analyte. The main obstacle facing this form of
analysis is the intensity of the Raman scattering signal. (2). Due to the low intensity scattering
signal of the not forbidden but rare occurrence of inelastic collisions during the introduction of
incident light, a technique needs to be established to enhance the spectra.

Surface Enhanced Raman Spectroscopy (SERS) is a surface-sensitive analytical
technique that enhances Raman scattering of chemical species adsorbed on rough surfaces or
nanoscale structures (1). This technique used to observe vibrational, rotational, and other low-
frequency modes in a system. It provides s a structural fingerprint by which molecules can be
identified. There are two mechanisms to describe the overall SERS enhancement: the
electromagnetic (EM) and chemical (CHEM) enhancement mechanisms. EM enhancement is
due to the increased local electric field incident on an adsorbed molecule at a metallic surface,
due to visible light absorption by the metal. CHEM enhancement results from electronic
resonance/charge transfer between a molecule and a metal surface, which leads to an increase in
the polarizability of the molecule (18).

The Raman enhancement technique was first observed by Fleischmann’s group when on
the surface of a silver electrode (2). This enhancement was due to the interaction of the rough
metal surface leading to the increase of the inelastic collision signal (2). The presence of the
metal surface roughness increased the scattering effect and led to better sensitivity (2). SERS has
been a growing chemical field, since the recent advances in the nanoscience and nanotechnology
fields, leading to extraordinary results to increase the Raman signal. Enhancements of 10° are
often claimed, and higher values are seen in specific instances (3). Even single molecule
detection was reported by several groups when employing nanoscale materials (3).

Nanoparticles with large amounts of surface area and unique characteristics that are
distinct from their bulk material provide an interesting support in the enhancement of inelastic
scattering signal. (3) SERS has been explored through using nanoparticles to increase the Raman
signal for sensing, bioanalysis, catalytic
analysis, and environmental applications

(2,3).

Among many properties dis- Metal
played by gold nanoparticles, one of the
most notable is their ability to absorb

and scatter light in the visible region of
the electromagnetic spectrum. In metal
nanoparticles, “plasma oscillations”,
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Figure 1: Nanoparticle Localized Surface Plasmon Resonance



which are collective oscillation of electrons, driven by external electromagnetic fields are
localized and lead to strong resonances at specific wavelengths that are dependent on the particle
size, shape and the local dielectric environment (18). Localized surface plasmon resonance
(LSPR) has the greatest contribution to SERS as electrons oscillate around nanoparticle surfaces
(3). Large enhancement factors and even single-molecule SERS are expected for molecules at
junctions between aggregated nanoparticles [18]. This is a result of localized surface plasmon
(LSP) coupling between nanoparticles and enhanced electromagnetic field intensity localized at
nanoparticle junctions activated by absorption of visible light (18). These hot spots can be
tailored to lead maximum effects by changing the size, shape or location of the (4). Additional
improvements can be found by using laser frequencies which are resonant with electronic and
vibrational transitions of the analyte, thereby increasing the efficiency of the Raman process.
Lasers can therefore match the plasmon band of the nanoparticles increasing the interaction of
the plasmon band with the incident light, because lasers can be fabricated in the same
wavelength of light as these particles. The LSPR of the nanoparticle can contribute additionally
to SERS through ground state interactions, resonant process, photon-driven electron-transfer, and
transient electron enriched states (3, 5).

Gold and silver nanoparticles have been widely used for applications in SERS because they
demonstrate the greatest effect of plasmonic behavior when compared to other nanoparticles.
They are highly stable and their plasmonic properties occur in the visible-near IR range allowing
the optical properties to be easily monitored (18, 6). In previous research it has been found
bimetallic silver-gold nanowire provides the greatest enhancement when compared to silver
nanowires and gold nanotubes (7). This enhancement was attributed to the unique shape of the
nanoparticle which allowed a higher tunability to match the wavelength of incident light (7).

One of the problem associated with the design of such nano-architectures is the ability to
produce the particles in a uniform, reproducible way for large scale application.

One way of creating scalable “hot-spot” bearing nanostructures is by using wet chemistry
techniques. In this project, we produced “hot-spot” bearing Au—F<3203 nanostructures by (a) a

seed-mediated approach, where Fe203 served as the seed support, and (b) electrostatic
interactions between gold nanorods and iron oxide spheres. Samples were characterized by SEM,
EDS, and UV-Vis spectroscopy techniques to elucidate their properties and morphologies.
Raman response of a model analyte, 4-mercaptophenol, was evaluated on these structures.



I1.

Experimental

. Materials

Chloroauric acid trihydrate, trisodium citrate, iron (III) oxide nanospheres, 4-
mercaptophenol, purchased from Sigma Aldrich. All samples were used as received.

. Nanomaterials Synthesis

1. Seed-Mediated approach of Iron Oxide-Gold Spheres Multifunctional Nanoparticle

Iron oxide-gold hybrid nanostructures were synthesized using a citrate reduction
technique as shown in Figure 2. An aqueous stock solution of 20mM Fe,O3; nanospheres
was prepared using deionized water. The reaction proceed by heating 10 mL of deionized
water to a boil, followed by the immediately injection of ImL of 20mM Fe,0;. The
solution was allowed to heat for several minutes followed by the addition of 1mL of 1%
sodium citrate. Finally, 250 uL of 0.01 M chloroauric acid was added. The solution was
heated at 248 °C for approximately 4 minutes as the solution processed through a color
change from burnt orange to purple with removal from heat once a red solution was
generated. A red colored solution indicates the formation of gold nanospheres. The
solution was allowed to cool and was cleaned using a magnet to separate the excess
unreactive species and the gold particles not attached on the Fe203 support (17).

1mL Fe,05 LmlL 1% 250 L
10 mL stock solution sodium Chloroauric
deionized (25mM) _ citrate . acid (0.01 M)

— Water and | 1 for 10 mins
a stir bar until red
formation

Figure 2: Synthesis of Iron oxide-Gold hybrid nanostructures through citrate reduction

Once separated, these Au-Fe203 nanostructures were used as “seeds” in the next
step. An identical seed-mediated approach was employed. Five different seedings steps
were performed to achieve optimal loading Au nanoparticles loadings on the Fe2O3.



2. Iron Oxide-Gold Rods Multifunctional Nanoparticle Synthesis

Gold rods were attached to iron oxide through electrostatic interactions. Gold rods
synthesized with cetyltrimethylammonium bromide (CTAB) using the method previously
used in the Murph’s lab were used. Iron oxide was treated with chloroauric acid to ensure
the particles preserved a negative surface charge. The 0.5mM iron oxide nanospheres,
0.05 M chloroauric acid and concentrated gold nanorods were incubated at room
temperature for one hour. These particles were washed and separated with a magnet and
analyzed through SEM imaging to ensure electrostatic interactions proved favorable.

C. Attachment of 4-mercaptophenol

A 50mM stock solution of 4-mercaptophenol was prepared in distilled water. Differing
amounts: 2, 5, 10, 32 pL, of iron-oxide gold hybrid structures and gold spheres were added to
4-mercaptophenol allowing the solutions to incubate while stirring for 30 minutes before
analyzed on Raman spectrometer.

D. Characterization

The gold nanoparticles and iron-oxide gold particles were characterized using a scanning
electron microscope (Hitachi SU8320). Energy-dispersive spectroscopy (EDS) was used to
determine the material’s composition and collect mapping of EDS on the particles using an
Oxford XMax 150 mm2 Crystal EDS. To determine surface charge and effective
nanoparticle diameters Brookhaven NanoBrook ZetaPALS was used. A Varian, Cary 500
scan UV-Vis-NIR Spectrophotometer was used to monitor nanoparticles’ optical properties

E. SERS Analysis

The Raman spectroscopy experiments were run with a Del Mar Photonics, DMPC-532-1
with a beam diameter focused to ~20 um at a A=532 nm. A quartz cuvette was used with the
laser set on 120mW with collection times of 120 seconds averaged over 5 scans.

III. Results and Discussions

The scattering of light as a result of the transmittance of an applied electric field through
the electron cloud occurs via inelastic and elastic collisions. Rayleigh scattering represents the
elastic collision of light where the scattered photon has the same energy as the incident photon.
Elastic collisions are the most abundant form of light scattering from the introduction of incident
photons. They represent changes in direction of photons not changes in vibrational energy (1).



The energy is conserved in the collision as illustrated in Figure 3. The dipole changes during
elastic collisions, however the species has no change in polarizability. Inelastic collisions
experience a change in polarizability, producing a unique fingerprint scattering signal that can be
matched to a specific element of interest. Raman scattering can be used for analysis of
composition and trace analysis of species within complex matrices using the vibrational
information (2). However, the Raman signal is weak when compared to Rayleigh scattering.
Raman scattering is less likely to occur and when it does it occurs in both Stokes and anti-Stokes
forms as illustrated in Figure 3. Stokes scattering occurs when the scattered photon of light is of
a lower energy than the incident light. Anti-stokes scattering is observed when the incident

Energy

Rayleigh Stokes Anti-Stokes

Figure 3: Virtual State Energy Diagram representing Rayleigh elastic collisions and Raman
inelastic Stokes and Anti-Stokes collisions

photon of light gains energy. The loss and gain of energy is a result of the excitation of the
electron to virtual states, non-quantized short lived energy states, without the conservation of
energy from the incident photon.

A. Seed-mediated approach: Iron Oxide Nanoparticles Decorated with Gold

Iron (IIT) oxide nanospheres with an average diameter of 50 nm were used as a support for
gold decoration. Decoration of iron oxide with gold was modeled by the procedure published by
Murph et al (17). The formation of this composite
structure allows the magnetic properties of the iron
oxide along with the plasmonic properties of the
gold to be exhibited simultaneously. Once the
particles were synthesized they were further
characterized by SEM and EDS to elucidate the
morphology, loading and composition of the
composite structure.

Figure 4 shows a SEM image of the
nanoparticles observed. Gold nanospherical
particles of 20 nm in diameter were easily grown [IEETeP S Try eIt
on the Fe2O3 supports. While not all the gold

] . ) Figure 4: SEM image of gold-iron oxide nanospheres, bright
nanopartlcles were deposr[ed on the support, a hlgh spots correspond to gold while darker areas are iron oxide
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Figure 5: UV-vis spectra of gold spheres, iron oxide, and gold-iron oxide nanospheres.

distribution of Au was
observed on the majority of
the support. Unbound Au
nanoparticles were removed
from the original solution
before characterization.

EDS analysis
demonstrated that 12.6 = 1.9
weight-percent gold were
present on the Fe;O3. UV-vis
spectra, as shown in Figure
5, shows that the iron oxide
and gold particles are
composite structures; as the

420 nm and the gold plasmon band at
520 nm highlighting.. Figure 4 shows
the presence of gold on the iron oxide.
The first seed mediated approach used
shows that the distance between gold
nanospheres was too large to provide
significant plasmonic interactions,
“hot spots”, to increase the breathing
modes of the SERS analyte for greater
enhancement of signal.

To remedy this, increased gold
loading was explored through the use
of a nanoparticle seeded growth
method. This method employed the
use of the gold decorated iron oxide
particles illustrated in Figure 4 as the
support for increased gold loading. In
order to create tunable ‘“hot-spots”
and  nanogaps  between  gold
nanoparticles for sensing application
these Au-Fe20O3 nanostructures were
further used as seeds to control gold
loading on the iron oxide.

The seeded method was applied
four times by using the same base Au-
iron oxide and adding more gold (III)
ions into solution. The first reaction
using the seeds increased the weight-
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Figure 6: (A) UV-vis spectra of gold-iron oxide nanospheres seeded reaction

from original to 4xs seeded.
seeded reactions.

(B) Weight percent loading of increased



percent loading of gold from 12.6 + 1.9 mV to 18.6+3.3mV. These results showed that gold
loading could be increased through seeded reactions. Further seeded reactions up to four times
were found to increase gold decoration of the iron oxide without impacting the integrity of the
iron oxide support. UV-vis absorbance of each trial during the seeded reaction shows a more
defined gold peak at 520 nm showing a greater decoration on iron oxide as shown in Figure 6A.
This increased loading was confirmed by analyzing the weight percent of gold by using EDS.
Figure 6B illustrates the tunability of gold loading, namely “hot-spot” creation, through seeded
reactions. Figure 7 illustrates comprehensive characterization of the seeded reaction method
illustrating the gold loading through EDS mapping, and SEM imaging.

Weight %

Weight %

. Au:
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Au:
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Figure 7: Comprehensive illustration of increased gold load
loading capacity, EDS mapping and SEM images.

The final iron oxide-gold hybrid particles
with an average of 55.13 weight-percent
loading of gold provide a greater opportunity
for hot spot and nanogap generation with
increased plasmonic characteristics. Figure 8
provides a higher magnification of the iron

ARC Sug230 20.0kV 5.7mm SE(UL) 06/26/2017 500nm

Figure 8: Four times reseeded iron oxide-gold composite structure
with increased gold loading.



oxide- gold composite structure to illustrate the remaining integrity of the nanoparticles. Figure 9
further confirms the gold loading of the final seeded particles showing the presence of gold and
mapping of the multifunctional structure.

Once iron-oxide gold decorated nanoparticles were found to be reproducibly synthesized
further multifunctional composite :
structures  were explored as
possible Raman enhancement.

M Spectum 2

Figure 9: Four times reseeded iron oxide-gold composite structure with

increased gold loading EDS mapping and weight percent analysis.

B. Electrostatic Interactions of Gold Rods and Iron Oxide

Gold nanorods, ~18nm in diameter and ~100 nm in length, have also been investigated due to
a the “hot-spot” functionality provided at the tips of the particles (7). Spheres exhibit one
plasmonic band at 520nm, while rods have two distinct bands due to the transverse and
longitudinal plasmon bands at 520 nm and 810nm, as shown in Figure 10. By coupling these
“hot-spots” bearing nanorods with the magnetic properties of the iron oxide distinctive
applications for SERS analysis | 5, _
may be generated.

0.65 -
The citrate reduction method

was not used in the formation of | 0.6 -
these hybrid structures rather,
electrostatic interactions between | 0.55 - = Au Rods
the already synthesized gold rods
and iron oxide spheres were | 0
explored to determine a method
to provide gold loading suitable
for SERS analysis.
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The zeta potentlal of the iron Figure 10: UV-vis absorbance of Gold rods and Gold spheres

oxide and gold rods was detected
separately to determine if the surface charge would provide conditions probable for favorable




electrostatic interactions. The surface charge of the iron oxide nanospheres independently was
+42.93+ 3.35 mV while the gold rods have a +30mV due to the positively charged
cetyltrimethylammonium bromide (CTAB) used in nanorod synthesis. Direct incubation was
found to be unfavorable because the surface charges of the individual components were not
opposite. Manipulation of the surface charge of the iron oxide was explored to ensure that the
particles were negatively charged.

Sodium citrate was first added to iron oxide to attempt to make the surface charge more
negative so the positively charged gold rods would electrostatically interact more favorably.
Citrate and iron oxide were allowed to incubate before introducing the gold rods in solution.
Once the rods were added the solution was allowed to further incubate and then characterized on
the SEM. Figure 11 shows the aggregation of gold rods with little to no attachment to the iron

\ 5. 7mm SE{U) 500nm ARC ¢ vV 5.7mm SE(U) 500nm

Figure 11: SEM image of sodium citrate incubation of iron oxide with gold rods

oxide support. To try and yield more favorable conditions for gold rod attachment the sodium
citrate and iron oxide were heated for promotion of citrate ligand formation. Once the iron oxide
and sodium citrate were heated and allowed time for incubation the gold rods were added and
allowed to incubate. These SEM images as shown in Figure 12 produced similar results with
gold rods aggregation and non-uniform attachment.

(R I I B P
ARC Su8230 20.0kV 5.8mm SE(UL) 06/27/2017 1.00um ARC Su8230 20.0kV 5.8mm SE(UL) 06/27/2017 500nm

. Figure 12: SEM image of sodium citrate heated with irpn oxide and gold rods et .. .
Sodium Cirtte Was S TIHed 10° 1St Vidtd v Siab1e Conditions for electrostatic interactions
between gold rods and iron oxide. The next step to gain promising conditions for gold rod
attachment involved the use of chloroauric acid as a salt agent to decrease the surface charge of



the iron oxide. Gold ions were added to iron oxide and at first as shown in Figure 13 the
attachment did not prove promising. The attachment was not uniform, however, a higher loading
was achieved when compared with sodium citrate incubation approach.

I B
1.00pm

Figure 13: SEM image of gold ions with iron oxide and gold rods

After further work the amount of gold ions added to iron oxide was increased and loading was
found to be more favorable with better attachment as shown in Figure 14.

nm SE(UL)

Figure 14: SEM image of gold ions at a higher concentration with iron oxide and gold rods

Interestingly, the gold ions did form micro sized spiky morphologies in solution when not
cleaned with a magnet. This suggests that gold ions are being reduced in the presence of the
other nanostructures. Upon further analysis of the gold ions in solution galvanic reduction
reactions were found to be taking place on the SEM copper grids when the gold ions were not
removed from solution through the use of the magnetic cleaning method. The galvanic reduction
formed nanocubes on the surface of the copper grids showing the reductive nature of the gold
nanoparticles as illustrated in Figure 15.



Figure 15: EDS mapping of gold on copper grid surface and weight percent loading of gold ,

SEM image of gold ions causing galvanic reduction reaction on surface of copper grid

The ability to clean the particles by using a magnet removed the excess gold ions that were no
longer needed in the tuning of the zeta potential of the iron oxide. Gold rods and iron oxide were
successfully attached through using gold ions to manipulate the surface charge of the iron oxide.

C. Raman Spectroscopy

Once the hybrid nanoparticles were synthesized the structures were tested for SERS abilities
using a Raman spectrometer data analyzer coupled to a laser. The samples prepared for analysis
are shown in Figure 16. The 4-mercaptophenol binds through the sulfide group to the gold
nanoparticle on the hybrid composite structures (7). The ring-breathing modes of the 4-
mercaptophenol display changes in the polarizability and can be observed in Raman scattering
signals at approximately 1100, 1175 and 1260cm™ (7,16). By using 4-mercaptophenol Raman
enhancement can be monitored while maintaining a controlled environment of the analyte of
interest.

Fe203-Au Nanorods Gold Nanorods

Au-Fe_O. Nanospheres o~ @@ o ?
273 . p e, \),......_<\ s
concentrated with magnet ,l::.! - Au-FeZO3 Nanospheres
+ { /\f -t>
-

wl g

Figure 16: Nanostructures with SERS analyte for analysis




The SERS analyte, 4-mercaptophenol was added to the nanoparticle solutions and allowed time
for incubation. To ensure that the thiol bond from the sulfide group to the nanoparticle was
formed the surface charge of the nanoparticles were taken before and after the addition of 4-
mercaptophenol. Table 1 outlines the change in zeta potential with both the addition of the SERS
analyte to gold spheres and iron oxide-gold multifunctional structures with each becoming more
positive as 4-mercaptophenol was added.

Fe,03-Au -24.38+-1.90
Fe>O3-Au with

-8.50+0.66
4-mercaptophenol
Au spheres -18.62+-1.46
Au spheres with 4- 4.434-0 35
mercaptophenol

With positive results of 4-mercaptophenol attachment stock solution of 4-mercaptophenol
was analyzed on the Raman spectrometer to determine the peaks of interest for the determination
of enhancement once the nanoparticles were added. Figure 17 shows the 4-mercaptophenol
signal and identifies the key peak of interest used throughout the Raman study.
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Figure 17: 4-mercaptophenol stock solution highlighting analyte peak at 1100 cm™

The first Raman test was taken to determine the concentration of 4-mercaptophenol to
use throughout the remaining trials. Figure 18 illustrates varying concentrations of the SERS
analyte with 10 mM and 5SmM 4-mercaptophenol having peaks of the greatest intensity.
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Figure 18: 4-mercaptophenol varying concentrations

These concentrations were then used throughout the remaining spectroscopic test while varying
the amount of gold added to each sample to determine which concentration of gold provided a
monolayer of 4-mercaptophenol with direct enhancement from plasmonic properties from gold.



The amount of gold added to the final 1 mL sample was altered to determine the best
ratio of gold to 4-mercaptophenol. As shown in Figure 19 multiple amounts of the 1.5x10° mM
gold spheres was added to 10mM 4-mercaptophenol.

6500 - ‘
5500 -
UL Au
4500 -
Z e—5ul Au
e
] e 10uL Au
£ 3500 -
e 32Ul Au
e 10mM 4-mhp
2500 -
1500 T T T T 1
0 500 1000 1500 2000 2500
Wavenumber (cm™)
Figure 19: 10mM 4-mercaptophenol with varying concentrations of gold spheres

The sample with 10uL gold spheres showed a slight enhancement from the 10mM of 4-
mercaptophenol with no gold, showing promising results that enhancement may be found at
particular conditions. Figure 20 compares the gold spheres to the gold rods showing a slight
increase in signal with the gold rods but not to the extent that would be expected with an
additional plasmon band present. This may be attributed to the concentration of gold rods being
smaller than that of gold spheres, further studies are needed to determine if the gold rods at
higher concentrations would increase the Raman signal of the breathing modes of the 4-

mercaptophenol.
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Figure 20: 10mM 4-mercaptophenol with gold rods and gold spheres

Similar trials were performed with SmM 4-mercaptophenol and varying concentrations of
iron oxide-gold. Figure 21 illustrates the complete trial while Figure 22 shows the enhancement
in signal provided with 10 pL gold spheres and iron oxide gold composite structures.
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Figure 21: 5mM 4-mercaptophenol with iron oxide-gold multifunctional nanostructures
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Figure 22: 5mM 4-mercaptophenol with iron oxide-gold multifunctional nanostructures and gold

Raman spectroscopy provided preliminary results of small levels of enhancement from
the presence of gold plasmonic particles both on iron oxide supports and independently in
solution. The greater increase in signal found in the presence of iron oxide may be attributed to
the formation of hot spots on the surface of the iron oxide creating nanogaps at the junctions
between gold nanospheres. This technique of the formation of hot spots on the magnetic surface
of iron oxide needs further investigation to draw conclusive results of the significance of
nanogaps and to determine the tunability of the nanogap through magnetic manipulation.

D. Conclusions

Multifunctional particles with plasmonic and magnetic properties from gold and iron
oxide respectively, were reproducibly synthesized through a seeded reaction. Iron oxide-Au
loading was significantly increased through the use of seeds during the citrate reduction reaction
with a 43% increase in gold loading from the original seeds to those seeded four times. Gold rods
were successfully attached to iron oxide through electrostatic interactions with manipulation of
surface charge through the addition of Au (III) ions. These particles are not only promising in
applications in SERS analysis but may prove to have further applications because of the loading
capacity of gold on iron oxide. Composite structures with plasmonic and magnetic properties
provide unique characteristics from bulk material including the ability for magnetic manipulation
to allow the recyclability of the nanoparticle structure for use in future reactions, reducing cost
and use of precious metals such as gold. Raman Spectroscopy identifies SERS analyte and
shows slight enhancement, however for larger enhancement desired for SERS more trials must
be executed to procure the ideal parameters for large scale application. Future work includes
further analysis of the ideal concentrations of SERS analyte coupled with nanoparticles as well



as method development for a more reproducible method for magnetic concentration of iron
oxide-gold particles for Raman analysis. Overall, this work successfully synthesized and
characterized composite nanostructures that proved to have unique particles from bulk.
Applications of these particles for SERS analyte detection require further work to conclusively
suggest that such particles reproducibly provide signal enhancement for fingerprint recognition
of trace elements in solution.
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