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Abstract

Surface enhanced Raman spectroscopy (SERS) is a highly sensitive chemically specific
method that is capable of trace analyte detection.! One challenge with SERS is that the spectrum
must be stable and consistent to accurately identify compounds. The localized surface plasmon
resonance (LSPR) that enhances the Raman signal can cause chemical transformations on
molecules near the nanoparticles. The SERS peaks can fluctuate in intensity and position,
indicating the presence of transient species like ions or other products from photo-induced
reactions. The background of SERS spectra has also been observed to increase or decrease
depending on the experiment.*® All of these effects are convoluted with the role of heating that
also results from excitation of the LSPR. This thesis attempts to identify spectral fluctuations due
to heating as well as to shed some light on the inner workings of the background observed in the

spectra.
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Chapter 1: Introduction

1.1 Motivation

Surface enhanced Raman spectroscopy (SERS) is a highly sensitive chemically specific
method that is capable of trace analyte detection.!* One challenge with SERS is that the spectrum
must be stable and consistent to accurately identify compounds. The localized surface plasmon
resonance (LSPR) that enhances the Raman signal can cause chemical transformations on
molecules near the nanoparticles. The SERS peaks can fluctuate in intensity and position,
indicating the presence of transient species like ions or other products from photo-induced
reactions. The background of SERS spectra has also been observed to increase or decrease
depending on the experiment.*® All of these effects are convoluted with the role of heating that
also results from excitation of the LSPR. This thesis attempts to identify spectral fluctuations due
to heating as well as to shed some light on the inner workings of the background observed in the

spectra.

1.2 Raman Spectroscopy

Raman spectroscopy is a popular method for many researchers due to its ability to easily and
non-destructively probe vibrational modes that are specific to molecules. This technique can
analyze solids, liquids, and gases and can be easily integrated into most experiments. Its versatility
enables a quick and straightforward sample preparation. Analytes can also be detected! and even
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quantified when the signals are enhanced.!®"'? These traits represent only a fraction of Raman’s

inherent advantages.

When a molecule is irradiated, absorption and scattering of the light will occur. Absorption
involves the promotion of an electron from a lower to higher energy state while photons are
scattered due to the interaction between the incident light and the molecule. Scattering is typically
elastic, meaning that the emission is equal to the incident energy, which is termed Rayleigh
scattering. Inelastic scattering is significantly less common as it only occurs once out of every
million scattered photons.'* The energy of the scattered photons can be higher (anti-Stokes

scattering) or lower (Stokes scattering) than the incident light.
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Figure 1. Jablonski diagram with the Stokes, Rayleigh, and
anti-Stokes processes.

In Figure 1, a Jablonski diagram is shown with the solid lines as vibrational states within

a specific electronic energy level and the dotted lines as virtual states. Excited states are best
2



described as a probability distribution, with the maximum defined as the excited state. The virtual
states are then low probability instance of the respective excited state and contains the same energy.
The arrows pointing up represent the excitation pathway while the ones pointing down represent
the relaxation pathway. The green dashed lines represent the change in energy between these two
processes, which are indicative of specific vibrational modes within the molecules of interest.
Often these phenomena are reported as Raman shifts, which are commonly reported in
wavenumbers (cm™!). Therefore, a decrease in the scattered photon energy corresponds to Stokes
scattering, while an increase indicates anti-Stokes scattering. As a result, Rayleigh scattering is
observed at 0 cm™! since it is elastically scattered and represents the same energy as the excitation
source. Usually, the Stokes region is used for analysis due to the higher population of electrons in
the ground state at room temperature rather than a vibrationally excited state, which is needed for
anti-Stokes scattering. This is explained by Equation 1 where /s is the intensity of the anti-Stokes
peak for a given mode and /s is the intensity of the Stokes peak for the same mode, /4 is Planck’s

constant, v is the frequency, ks is Boltzmann’s constant, and 7 is the temperature.

I —hv
Uoce kst (Eq. 1)

The best modes to pick are well defined and intense in both regions while also sensitive to
temperature changes.!* It is vital that the respective anti-Stokes peak has a quantifiable intensity,
otherwise the calculation will be unreliable. Low energy shifts are ideal since the populations of

the exited states will be more occupied than at higher energy shifts.

Unfortunately, not all vibrational modes are Raman active because Raman modes are
dependent on a change in polarizability. Infrared (IR) spectroscopy is another vibrational
spectroscopic method that measures absorption, but the analyte must have a change in dipole

3



moment to have IR active modes. These modes can be active in both Raman and IR, or exclusively

Raman or IR active within a molecule, illustrating why IR is complementary to Raman.'3

A major advantage of Raman over IR is that Raman can use lasers in the visible light region
since it measures scattering rather than absorption. Raman often uses a lower wavelength in the
visible regime, therefore it has better spatial resolution than IR. This is shown in Equation 2,
where x is the minimum resolvable distance, 4 is the incident wavelength, d is the distance between

the sample and the objective, and D is the illuminated diameter of the lens.

X = “;M (Eq. 2)

Utilizing visible light also allows aqueous solutions to be analyzed because water does not absorb

strongly in the visible region but does in the IR region, causing a broad background.

The primary disadvantage of Raman, as previously mentioned, is the low frequency of
inelastic scattering, which ultimately causes the Raman signals to be weak. Since IR spectroscopy
measures absorbance, a more likely event, the signal is much more intense. The intensity of the
Raman signal, /, is given by Equation 3 where K contains constants like the speed of light, / is the

laser power, a is the polarizability of the molecule, and o is the frequency of the incident light.!3
I= Kla2w4 (Eq. 3)

Increasing the laser power will increase the signal, but too much power can begin to damage or
burn the analyte due to local heating. Hence, it is important to conduct a laser power study to
determine the optimum irradiation to use for excitation, especially when studying the effects of
heating. However, even with high laser powers, some Raman modes can be unquantifiable above

the noise due to the inherently infrequent inelastic photon scattering. Fortunately, these signals can



be enhanced by incorporating metallic structures near the analyte in a technique known as Surface

Enhanced Raman Spectroscopy (SERS).

1.3 Surface Enhanced Raman Spectroscopy

Electric
field

Figure 2. Representation of a plasmon resonance.*®

SERS has the potential to enhance Raman signals to the range of 10° and beyond.'* It utilizes
metals like gold, silver, and copper to provide enhancement. Typically, gold and silver are used
due to their high electron density and because they both have a negative real part and a near-zero
imaginary part of their respective dielectric constants.!®!® The dielectric constant describes how
easily the material can be polarized in an electric field and is dependent on the incident frequency.
The real part pertains to scattering while the imaginary to absorption.!* Bulk metals are not
considered dielectric materials due to their high conductivity. However, when noble metals have
their surface roughened or are synthesized into nanoparticles, they have a high density of electrons
that warrants a dielectric constant in the visible or IR region. This enables the potential
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Figure 3. The extinction spectrum of gold nanospheres increasing
in diameter from 5 to 50 nm.?!

formation of a plasmon.'® When incident light irradiates these particles, their free electrons
oscillate in the opposite direction of the wavelength, which induces a localized surface plasmon
resonance (LSPR, Figure 2) that generates a large electric field at the surface, enhancing Raman
scattering. This plasmon has a resonant frequency where it absorbs and scatters light the most.
This extinction maximum can be measured using a UV-vis spectrometer. The LSPR shifts as a
result of the dielectric constant which is dependent on the size and morphology of the
nanoparticle.!®?® Increasing the surface area or number of edges to a nanoparticle will shift the
LSPR to a longer wavelength (red shift).!*?!?? In Figure 3, the LSPR of gold nanospheres with
increasing radius (5 to 50 nm) depicts this shift. When spheres are irradiated, there is no directional
dependence on the particle since the diameter of the sphere is consistent. However, when a particle
that has an aspect ratio larger than 1 is irradiated, one axis is longer than the other, which excites

two plasmons resonances, leading to two LSPR peaks. The peak corresponding to the short axis is
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Figure 4. The longitudinal peak shift of nanobars (red) and
nanorice (blue) in response to aspect ratio. The calculated shift of
ideal nanobars is in black.%?

the transversal mode and it will appear at a lower wavelength resonance than the longitudinal
mode, which corresponds to the long axis. Nanorods can have various aspect ratios, so they possess
two tunable plasmon resonances. In Figure 4, the longitudinal LSPR shifts of nanobars and
nanorice were investigated to determine their dependence on aspect ratio since the transverse mode
maintained a relatively constant energy.!® The nanorice had soft edges compared to the bars which
were more pronounced, causing the bars to have a larger red shift. Both nanostructures were seen
to shift linearly with increasing aspect ratio, as expected. The experimental nanobars had less of a
red shift when compared to the calculated shift. This is explained by the experimental bars not
having perfect corners like the calculation.!®?* The ability to tune the LSPR is a major advantage

as it can be tailored near the excitation source.

The magnitude of the surface-enhanced Raman signal relative to the spontaneous Raman

signal is termed the enhancement factor (EF). The EF of a single nanoparticle is approximated to
7



be the field enhancement at the nanoparticle to the fourth power. The power of four comes from
the enhanced incident electric field localized to the nanoparticle as well as the reradiation of the
scattering from molecules near the surface. As previously mentioned, in practice, the EF can be
magnitudes larger and can be determined using Equation 4 where Isers is the surface enhanced
Raman signal, N, is the number of molecules bound to the metal structures, Iyzs is the normal

Raman intensity, and Ny is the number of molecules in the sample.!®

EF = (Isers/Nsurf) (Eq. 4)

(INRS/NVOZ)

There are two effects that are known to generate to this enhancement, however, their relative
contributions are not clear. The first phenomenon is known as the electromagnetic (EM)
enhancement. This phenomenon attributes the Raman enhancement to the molecule being very
close or adsorbed onto the surface of the nanoparticle where the electric field is localized. When
two particles are within a few nanometers of each other, their plasmons couple causing their
electric fields to constructively interfere.!® The largest enhancement occurs in the center of the gap,
as depicted in Figure 5, and these regions are referred to as hot spots.?* Hot spots can also generate

2326 or in gaps within one.?”?® The nanoparticles need to

at corners and edges on the nanoparticle
be within ~1 to 10 nm of each other to couple, but the greatest enhancement occurs when they are
within one nanometer.!” The enhancement decreases when the separation is less than 1 nm, which

is thought to be a result of quantum tunneling.?® Close proximity of the analyte to the particle

allows electrons within the analyte to interact with the plasmon, especially when it is within a hot



Nanoparticle

Enhancement
Factors

Figure 5. lllustration of the rapid decay of enhancement within a
nanoparticle gap.?*

spot.!> Equation 5 describes the relationship between Raman mode intensity (Iszrs) and the

distance between the nanoparticle surface and the analyte (), where a is the radius of the particle.!®

Isgrs = (a—w)_lo (Eq. 5)

a

Equation 5 explains why the signal intensity decreases rapidly as the molecule moves away from
the surface. This distance dependence was studied using pyridine as the analyte and silver
nanoparticles with varying layers of aluminum oxide as the substrate. Placing the analyte on the
nanoparticle surface generated the greatest signal while a 1.6 nm layer of aluminum oxide caused

the signal to decrease by ~75%.°

The second theory, chemical enhancement, relies on chemical changes to the molecule at
the metallic surface. In one instance, it is speculated that the bond creates a surface species

containing the analyte and some metal atoms, allowing the transfer of electrons and holes.
9



Enhancement is thought to come from the new electronic states produced from bond formation.
Due to the constraint that molecules must be bound, the enhancement should increase only in the
adsorbed monolayer since beyond that would be too far to be detected.!® In a second instance,
when the LSPR decays, the energy is absorbed by the nanostructure, producing energetic electrons
(hot electrons or carriers) and leaving behind energetic vacancies known as hot holes. These hot
electrons can decay further to give a high concentration of low energy carriers, which are at or

above the energy level of the lowest unoccupied adsorbate states.’!

Lowest unoccupied -
adsorbate states €

Highest occupied
adsorbate states

Figure 6. The two methods of charge transfer: indirect (a) and direct (b) where hv represents the incident light and the dotted line
represents the Fermi energy of the nanoparticle.3?

This excites the electron, allowing it to participate in chemical reactions, named indirect charge
transfer (Figure 6a). Hot carriers can also move directly from the metal’s highest occupied state

into the molecule’s lowest unoccupied state, which is known as direct charge transfer (Figure 6b).

10



The result of either mechanism produces products or transient species like radicals and ions, which
appear as intensity or peak position fluctuations in the Raman spectrum.’! These changes in
chemistry can enhance Raman signals. Overall, it appears that both electromagnetic and chemical

enhancement seem to contribute.'?

When SERS was discovered, roughened metal surfaces were used as substates and gave an
EF of ~10°. It was believed that the EM enhancement contributed 10* while only 10? came from

chemical enhancement.'’

Recently, nanoparticles of various morphologies are utilized and have
enhancement factors ranging from 10° to 10'3.1525283233 1t i5 conceivable that chemical

enhancement may contribute more than what is currently assumed, which will be considered

during this investigation.

As previously mentioned, high laser power will cause local heating, potentially damaging
or burning the sample. In Figure 7, Zeng et al. studied 4-cyanothiolphenol on gold nanosphere (80
nm) aggregates in air and water to determine their response to temperature.** They found that the
signal decreased significantly in air due to its low thermal conductivity. It is hypothesized that the
decreased signal is from nanoparticles melting,®>> destroying the hot spots, or from analyte

desorption.>*

11



A B

1000 1000
Air {1 Water | A
800 , / 800 ﬂ | I
o0 1 w F J 1 w,w»-»fﬂmww J"-N«-*JI\M-WA‘WJ L Su—
Q. ) t z - £ '
2 600 'w)mu.nJ‘-wanmJ \A ; Il 8 600 before 532 nm illumination
ey {before 532 nm illumination S ¥ J |
[} ) = Sl Vo gt aptl  Saplns et N e nantits s i,
c 4 - | J 7] I
g 400 I st bttt et Mt e e 8 400 {after 1 mW - 532 nm illumination
£ Jafter 1 mW - 532 nm illumination c 1 [ |
' == | | )\
200 _._«—M-M'knwaﬂw%v-ﬂu -Wﬂ\w«-vm--\uanw"w‘-—»mmw 200 o st \anebgmstemprpart Ao Astossint’ S sttt St sengone]
|after 2 mW - 532 nm illumination |after 2mW - 532 nm illumination
b PP o Mt Areqmrdimairn iy WRRPPPPPN B S TN L S R, st A
0 after 4 mW - 532 nm illumination 01 after 4 mW - 532 nm illumination
T T T T T T T T T T T T
400 800 1200 1600 2000 2400 400 800 1200 1600 2000 2400
Raman shift / cm™ Raman shift / cm™

Figure 7. SERS spectrums of 4-cyanothiolphenol on gold nanoparticles in air (a) and solution (b) before illumination and with
increasing illumination powers.3*

Xu et al. saw the intensity decrease as well as red shifting due to local heating.*® They
investigated the effects of heating using a silicon platform with gold nanorods standing upright in
an ordered array. This substrate was heated using a ceramic chip that was large enough to also heat
the control sample, a silicon platform. They analyzed the SERS spectra from 293 to 424 K. As the
temperature increased, the silicon peak red shifted but also decreased in intensity for both samples.
The red shifting is theorized to be from temperature dependent volume expansion of silicon. The
SERS substrate also had a larger response than the bare silicon due to its temperature sensitivity
increasing.’® However, Saikin et al. suggests that these shifts are influenced by the adsorbate’s
vibrational modes. They saw modes that included the metal and analyte were blue shifted (like a

sulfur — gold bond), while modes originating from the molecule were shifted to lower energy.’’
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As previously mentioned, the excitation of the LSPR can cause hot carriers to form, which
can in turn produce products or transient species that affect the spectra. Schmidt et al. studied
SERS intensity fluctuations (SIFs) of benzenethiol dried on a silver film over silica nanoparticles.*8
They discovered that these events occur with equal probability over the Stokes and anti-Stokes
region. As they increased the laser power from ~0.5 mW to ~1 mW it created SIFs with a larger

anti-Stokes to Stokes ratio (Equation 1).*8

Raman Spectrum

102 10" 10° 10’
anti-Stokes / Stokes ratio

Figure 8. A log histogram of the average anti-Stokes to Stokes
ratio of each SERS intensity fluctuation in the range of ~300 to
~2200 cm™L. The ratio of neat benzenethiol using Raman (0.027)
is represented by the dotted line.38

Typically, the ratio will remain below 1. However, Schmidt et al. found that SIFs in the
anti-Stokes region can amplify the region for short periods of time which results in a ratio greater
than 1.3® This is shown in Figure 8, where the ratio of SIF events in the range of ~300 to ~2200

cm! are plotted as a logarithmic histogram. Approximately 0.9% of events at 1.0 mW have a ratio

13



above 1, which would estimate an unreasonably high temperature. They suspect this increase is
due to the hotspot preferring to enhance certain portions of the spectra as well as the construction
and destruction of hot spots. This reconstruction of the nanoparticle surface does not degrade the
sample, as carbon contamination would appear in the spectra (strong, broad peak at ~1300 cm™).
These SIFs were seen to last anywhere from 10 ps to 10 ms. It is theorized these high-speed
fluctuations could originate from the analyte rotating on the substrate since it is unlikely that they

would move laterally.*®

Zoltowski et al. utilized wide field imaging and point scanning SERS to compare spectral
fluctuations from single particles and agglomerates as well as signal stability from a silica shell®.
Wide field spectral imaging disperses the response from the nanoparticles into its zeroth and first
order diffraction. The zeroth order provides a spatial image while the first order gives the spectral
response. They used 4-mercaptobenzoic acid (MBA) on gold nanospheres with and without a silica

shell as their analyte and substrate.

When single particles were analyzed using wide field imaging, they found that frequency
fluctuations occurred at a much lower laser power density (31 kW/cm?) than when using point
spectroscopy (194 kW/cm?). They suspect that aggregates are being irradiated during point
spectroscopy, which allows hot carriers to transfer between nanoparticles rather than to the analyte.
In Figure 9, isolated nanoparticles are irradiated at increasing laser powers, displaying spectral
fluctuations. One thousand 100 ms acquisitions were taken and the average is shown in 9a. In 9b,
mesh plots of these acquisitions are presented, clearly showing spectral events. At low powers
(0.93 kW/cm?) only intensity fluctuations occurred; however, as the power increased
(31.42 kW/cm?), more frequency fluctuations were observed. Nanoparticles with a silica shell

required a higher power to induce SIFs due to the added stability originating from the silica.’
14
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Figure 9. The average spectrums of MBA with increasing laser power densities (a) and their respective mesh plots (b) using wide
field imaging.?

To elucidate the origin of these fluctuations, point spectroscopy was used to identify their
peak positions because wide field has reduced spectral resolution. From previous DFT calculations
of MBA’s radical cation and anion, they were able to identify some peaks from both species

(Figure 10).° This indicates that hot carriers can induce chemical changes in the analyte.

During this experiment, they noticed that as the power increased so did the background of
the spectra. For the nanoparticles without a shell, it increased until the highest power where it
decreased slightly, while the nanoparticles with a shell exhibited a linear increase.’ It has been
thought that the background originates from the metal;> however, the exact mechanism that this
trend originates from is not fully understood. Mahajan et al. suggests that electron withdrawing

groups pull electrons to the metal surface, reducing the dielectric screening, which increases the
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Figure 10. Cation (a) and anion (b) assignments to spectral fluctuations seen during irradiation.?®

background.’ Another group reports that this effect comes from inelastic scattering within the
metal, increasing the conductivity of gold.* In this thesis, I investigate the background effect and

the possible origin of spectral fluctuations.
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Chapter 2: Methods

2.1 AuNP Synthesis & Functionalization

To synthesize gold nanoparticles, chloroauric(Ill) acid (HAuCls4-3H20) and sodium citrate
(Na3C¢Hs07-2H20) were purchased from Sigma-Aldrich. A synthesis previously reported®® was
followed with adjustments. 50 mL of chloroauric acid (0.25 mM) was heated (350°C) until it began
to boil. Then 625 pL of 1% trisodium citrate was added. The heat was immediately turned off and

it was allowed to cool to room temperature.

To functionalize these nanoparticles, 4-mercaptobenzoic acid (MBA) was purchased from
Sigma-Aldrich. The gold nanoparticle solution (~69 nm) was added into several centrifuge tubes
(1 mL) and centrifuged at 6,000 rpm for 20 minutes. The citrate was removed and distilled water
was added along with 1 pL of MBA (40 mM). They were shaken for 40 minutes then centrifuged
at 6,000 rpm for 20 minutes. The supernatant was removed then the particles were resuspended in

500 pL of distilled water.

2.2 AgPAN Fiber Synthesis

Polyacrylonitrile (PAN, Mw 150,000) was purchased from Sigma-Aldrich,
dimethylformamide (DMF) was purchased from Fischer Scientific, and dried silver nanoparticles
(50 nm) were purchased from Sky Springs Nanomaterials, Inc. To synthesize the nanoparticle-
polymer solution, 4.0 mg of silver nanoparticles and 3.6 g of DMF were added to a vial and then

it was sonicated for thirty minutes. 0.4 g of PAN was added to the vial along with a stir bar, which
17



stirred overnight. Then the solution was added to a syringe, which was placed in a syringe pump
(Havard Apparatus Pump II Elite). The electrospinning configuration was in a nitrogen atmosphere
to keep the humidity below 20%. The tip of the syringe was 15 cm away from the collection plate,
which had aluminum foil covering it. A square indium-tin-oxide (ITO) glass slide (Sigma-Aldrich)
was taped to the plate to collect the fibers. The power supply used was a Spellman CZE 1000R to
provide a positive voltage to the needle tip as well as to ground the ITO slide. The voltage was set
to 10 kV then the solution spun at 1 mL/hr for 8 minutes. This was conducted in Dr. Olesik’s lab

with their equipment, reagents, and assistance.

2.3 Characterization

Extinction

0'22100 500 600 700 800
Wavelength (nm)
Figure 11. Extinction spectrum of MBA functionalized
nanoparticles.
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A Malvern Nanosight NS 300 equipped with a green laser was used to determine the
diameter of the nanoparticles. The analysis used a camera level of 7 and a detection level of 3. The
extinction spectrum was obtained using an Aligent Cary 4000 UV-Vis spectrophotometer in the
range of 200-800 nm with 0.01 nm resolution at 600 nm/min. The ensemble extinction spectrum
of the MBA functionalized gold nanoparticles is shown in Figure 11. The maximum peak at 528
nm is indicative of single particles while the broad shoulder at ~660 nm implies the presence of

aggregates.

2.4 Raman Spectroscopy

Raman measurements were made on a Leica DM LM attached to a Renishaw inVia using
a 632.8 nm HeNe laser (Thorlabs). The laser was focused onto the sample using a 50X objective
(NA = 0.75) for dry samples and an immersive 63X objective (NA = 0.9) for solution-based
samples. Raman scattering was collected through the same objective and directed to the

spectrometer.

Raman measurements were also made on a custom Raman microscope equipped with a
784.55 nm diode laser (Oxxius). The laser was focused through a 50X objective (NA = 0.75). The
scattering was collected through the same objective by an Isoplane SCT320 spectrograph

harnessed with ProEM: 16002 eXcelon 3 CCD detector (Princeton Instruments).
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2.5 Measuring the Laser Spot

The laser spot size for each instrument was determined by monitoring the change in

intensity from the 520 cm™ Si band using a gold/silicon interface. The laser was focused onto the

silicon region near the border then 1s acquisitions were taken at each position as it moved onto the
gold. The regions of pure silicon were fit with a line as well as the region of gold. The difference
between these regions allowed the 90-10% Si intensity region to be determined. In Figure 12, this
range is marked by the yellow lines. This indicates a laser spot size of 1.36 um in diameter using
the 50X objective with the 633 nm laser on the Renishaw inVia. Doing the same with the 63X
immersive objective yielded a spot size of 1.12 um with the 633 nm laser. For the custom
microscope, the spot size was determined to be 6.67 um for the 50X objective, when using the

785 nm laser.

50X objective with 633 nm laser
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Figure 12. Measuring the laser spot with a silicon and gold
boundary. The silicon (blue) and gold (orange) regions are shown
with the difference between them in green. The 90-10% region is
marked by the yellow lines.
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2.6 Absorption Experiment

'— Spectrometer

[ Sample |
Figure 13. Schematic of laser and LED
illuminating the sample in tandem.

For the heating experiment, the desired LED was mounted on the top illumination mount
of the microscope. 455 nm (Thorlabs), 505 nm (Thorlabs), and a multichannel LED (450 nm, Cool
LED pE-400 max) were each used in tandem to the laser as shown in Figure 13. The LEDs and
laser lines were not visible in the Stokes spectra since a 633 nm long pass filter was employed
before the signal reaches the detector in the Renishaw and a 785 nm notch filter was used in the
custom microscope. The first scan was taken without the LED then the LED was turned on and
acquisitions were taken at each power. After the highest power, the LED was turned off and another
scan was taken to ensure no damage occurred. On the Renishaw inVia and the custom microscope,
100 spectra were acquired with 1s acquisition time per scan. The main difference between the
microscopes is that the Renishaw can analyze a 575 cm™' range using 1s acquisitions while the

custom microscope can analyze a 1600 cm™! range using 1s acquisitions. The range utilized always
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included the intrinsic 1586 cm™ peak for MBA or the 2242 cm™ peak for PAN. The power density

for the LED is an estimate as the illuminated area was not measured.

Chapter 3: Results & Discussion

3.1 Power Study
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Figure 14. Raman spectra of MBA functionalized gold
nanoparticles using 261.57 kW/cm? (dark purple) and 5.85
kW/cm? (green) using the 633 nm laser. The standard deviations
are the shaded regions.

As previously mentioned, it is best to conduct a laser power study for each type of sample
used. This ensures that the signal is stable and minimizes the chances of burning the sample. Any
fluctuations would indicate that the sample is undergoing changes due to the laser. Figure 14

compares what the average spectrum of MBA looks like using a 633 nm laser at high (261.57
22



kW/cm?) and low (5.85 kW/cm?) powers. The standard deviation is depicted as the shaded region
around the spectra. As previously mentioned, at high laser powers, MBA exhibits spectral
fluctuations potentially from photoproducts.” Zoltowski et al. observed these fluctuations when
9.38 kW/cm? was used, while at lower laser powers only intensity fluctuations were present.” Due
to the nature of this experiment, it is imperative that the laser has minimal effects on the spectrum

to ensure that any effects are attributed to heating by absorption.
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Figure 15. The full curve of the power study for dried MBA functionalized gold nanoparticles (a) using the 633 nm laser. A
zoomed in image of the lower linear region with a trendline (b).

To find the optimal laser power, ten 10-second acquisitions were taken at three different
spots on the sample at each power setting. Then a fundamental peak of the analyte, MBA (1586 cm”
1, was fit in MATLAB to create a plot displaying the relationship between peak area and laser

power. For MBA functionalized gold nanoparticles dried onto a glass slide, Figure 15a resembles
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a Langmuir curve, which is expected since the signal starts to level off at high powers before the
sample begins to degrade. Any of the intensities in the lower linear region (Figure 15b) are
suitable, so the highest power in this region was chosen for analysis (6.02 kW/cm?). This analysis
was also conducted for MBA functionalized gold nanoparticles in solution (396.87 kW/cm?) as
well as silver nanoparticles encapsulated in PAN fibers (74.97 kW/cm?) on the Renishaw inVia
using the 633 nm laser. On the custom microscope, the optimal power using the 785 nm laser for

dry nanoparticles was 1.19 kW/cm?.

3.2 Heating Via Absorption

Extinction
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Figure 16. The extinction spectrum of MBA functionalized gold
nanoparticles with the 455 and 505 nm LEDs indicated by a
dashed line while the 633 nm laser line is denoted by a solid line.
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455 and 505 nm LEDs were employed due to their proximity to the plasmon peak. Since
the plasmon peak indicates the maximum scattering and absorption, it is necessary to be near it to
heat via absorption. The extinction spectrum of the MBA functionalized gold nanoparticles along
with the LED powers are shown in Figure 16. The LEDs are indicated by the dashed lines while

the laser line is shown as a solid line. The dry (Figure 17a) and aqueous (Figure 17b) samples
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Figure 17. The average signal for increasing 455 nm LED powers
for dry (a) and aqueous (b) MBA functionalized gold nanoparticle
samples using the 633 nm laser. The standard deviations are the
shaded regions.
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were analyzed using a 455 nm LED at the optimal laser powers. In Figure 17, the average spectrum
is shown for each sample at increasing LED power. Prior work has shown that, compared to dry
samples, aqueous samples are less affected by increasing power.>* This is expected as water has a
high thermal conductivity enabling it to dissipate heat quickly. It is important to state that for each
LED experiment, the 1586 cm™ peak was fit to determine the peak areas before and after the LED
acquisitions. The percent difference of these two scans should be less than 10%, which is true for
all data shown unless stated otherwise. A percent difference of 10% is an arbitrary threshold based
off the typical deviation during each scan. This was determined by taking the average peak area of
each spectrum, which was 100 acquisitions, for every experiment that had a percent difference
under 10%. The standard deviation and relative standard deviation (RSD) were calculated. Then
the overall average RSD and standard deviation were determined to be 5.41% * 3.39%. Deviations
that are much greater than 10%, like 20%, indicate that the sample was becoming damaged or was
moving out of focus. During this experiment it is imperative that any changes from the sample are
caused by the LED. It is expected that the 1580 cm™! peak does not undergo significant changes
due to heating as it originates from the aromatic ring. However, the peak area could deviate due to
heating from the LED, which remains a possibility. Data sets that are significantly above the 10%
threshold are assumed to be damaged or caused by a complication during the experiment, which

1s discussed later on.

A 505 nm LED was also used to analyze these samples (Figure 18), which yielded graphs
similar to those in Figure 17. The power density for the dry sample illuminated by the 505 nm

LED (Figure 18a) is roughly two times more powerful than the 455 nm LED (Figure 17a), which
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partially explains the larger background increases when using the 505 nm LED. The aqueous

sample exhibited larger background increases with the 505 nm (Figure 18b) than the 455 nm
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Figure 18. The average signal for increasing 505 nm LED powers
for dry (a) and aqueous (b) MBA functionalized gold nanoparticle
samples using the 633 nm laser. The standard deviations are the
shaded regions.

(Figure 17b), which was likely due to the increased power density. Unfortunately, using either
LED, even at their highest powers, did not induce any spectral fluctuations. However, the

background was observed to increase linearly with LED power, which will be discussed more later.
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The percent difference of Figure 18a is 11.90%, which is above the threshold.
Unfortunately, the dry analyses with the 505 nm LED did not fall below 10% due to refocusing
issues. During the first several months of this investigation, the focus was readjusted between
scans, which involved moving the microscope shutter two times between acquisitions. This was to
ensure that the focus was optimal during the whole analysis because the Raman intensity will
decrease if the sample becomes unfocused. However, it will also decrease if the focus is not
consistent. Refocusing with the LED on was very difficult and likely caused inconsistent focusing
due to cone fatigue, which makes images blurry. Larger deviations in peak area could also stem
from replacing the white light source with the respective LED, which ultimately alters the focus
due to vibrations. 11.90% is the lowest difference achieved for the 505 nm at suboptimal
conditions. This experiment was redone recently, however, the Renishaw inVia was misaligned.

Fortunately, more acquisitions can be collected with greater care once the instrument is realigned.

To attempt to see spectral, or frequency, fluctuations, a higher-powered LED was
necessary. Anew LED (Cool LED pE-400 max) was purchased, equipped with four LED channels:
400, 450, 550, and 635 nm, which are managed by a controller. The channels can be used in tandem
as combinations ranging from 0-100% for each LED and the LED can be turned off as the levels
are adjusted, which was very convenient for this experiment. 450 nm was utilized as the heating
source due to its proximity to previously used LEDs. Combining the 450 and 550 nm channels
allowed for a semi-white light source, which simplified the experiment and prevented major stage
drift. As briefly mentioned, the white light source had to be mounted on the microscope first. After
focusing on to the sample, the white light would be replaced by the LED, as shown in Figure 19a,
which is held by a screw. The movement from removing the light source would frequently cause
the stage to drift, likely in the z direction, causing the sample to move out of focus. Now, the
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Figure 19. Schematic of the old LED replacing the white light (a) and the new LED that does not need to be removed (b).

multichannel LED remains on the microscope (Figure 19b), keeping the focus as consistent as
possible. On the Renishaw, a shutter was moved once to open the optical channel to allow the LED
to illuminate the sample in tandem with the laser, then once again to close the channel. This was
the same shutter that was moved twice between acquisitions in order to readjust the focus between
acquisitions. On the custom microscope, the shutter remained open for the complete sequence of
analysis while the LED is turned on and off, which removed most of the movement complications.
The remaining movement was from closing the laser channel to focus, then reopening it to run the

acquisition.
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3.3 The Background Trend
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Figure 20. The average signal for increasing 450 nm LED powers for dried MBA functionalized gold nanoparticles (a) with a plot of
the background intensity at the respective power density (b). Then the average signal for increasing 505 nm LED powers for silver
nanoparticles encapsulated in PAN fibers (c) with a plot of the background intensity at the respective power density (d). Both

utilized the 633 nm laser. The standard deviations are the shaded regions.

Using the 450 nm LED with the 633 nm laser did not induce any spectral fluctuations.

However, an interesting background effect was observed, which was also present in previous data

sets. In Figure 20a, the background trend is seen using MBA functionalized gold nanoparticles
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with a 450 nm LED. This is clear when looking at Figure 20b. The background is averaged at
eleven points past the 1586 cm™! peak and the standard deviation is calculated for the error bars.
Figure 20c¢ shows the same trend but with silver nanoparticles encapsulated in PAN fibers using a
505 nm LED in tandem with the 633 nm laser. The peak that was survielled is a nitrile peak at
2242 cm’!. This peak is suspected to shift when it is in an electric field. However, the peak fitted
centers did not seem to have any correlation to the LED power. In 20d, the trend does not begin
significantly increasing until 12.53 kW/cm? is reached. This background dependence on LED
power persists to a different kind of sample, which is interesting. When revisiting older data, this

background effect was present as seen in Figure 17 and 18.

On the custom microscope, a 785 nm laser was used, which prevented the 450 nm from
being used due to the second order of the LED overriding any signal to be had. So, the 550 nm and
635 nm LEDs were used instead. In Figure 21, the LED sequences from the lowest to highest
power then back to the lowest power to ensure that the experiment is reversible. In both cases, with
the 550 nm (21a) and the 635 nm (21c¢), the reverse sequence lines up nicely to the forward
sequence while maintaining a threshold below 4%. No fluctuations were observed, but the
background trend using the 550 nm and the 635 nm are shown in Figure 21b and 21d, respectively
along with the peak area of the 1586 cm™ peak. The forward sequence is depicted as the lighter
shade of green and blue, while the reverse sequence is darker. Despite the same trend being
observed using both LEDs, the background emissions do not look as similar to each other as the

505 nm, 455 nm, 450 nm do, which will be discussed later on.
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Figure 21. The average signal for increasing 550 nm (a) and 635 nm (c) LED powers for dried MBA functionalized gold nanoparticles
using the 785 nm laser. The standard deviations are the shaded regions. b and d are plots exhibiting the peak area of the 1586 cm-
Ipeak along with the respective background intensity at each power are shown. The forward and reverse sequence are shown for

both.

In the past, increases in the background were observed with increasing laser power.>® In

Figure 22a, the background is seen to increase linearly with the power of a 532 nm laser.® They

theorized that this was due to gold’s interaction with graphitic carbon on the surface of the gold

leading to a promotion of chemical interface dampening and a reduced plasmon dephasing time.

During the laser power studies, the background increased steadily with laser power even at the
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Figure 22. The background increasing due to increasing laser power on gold nanodisks (a).¢ The spectrum of increasing laser power
densities for dried MBA functionalized gold nanoparticles using the 633 nm laser (b). The inset is of the three lowest densities.

lowest power densities as shown in Figure 22b. However, since a reasonable laser power density
was utilized, this increase is likely from electron transfers that are dependent on the LED
wavelength and power. Hugall et al. observed background increases due to the temperature
reaching over 360 K. They theorized this was due to molecular desorption roughening the gold
surface.* This is unlikely in the context of this experiment because this trend has proven to be

reversible and the threshold ensures that there is minimal damage to the surface.

Mahajan et al. also saw the background increase but due to molecular exchange.® They
replaced p-nitrobenzenethiol (NBT) with p-methoxybenzenethiol, or an electron withdrawing
group with a more electron donating group. When it was replaced they noticed a decrease in
background intensity. So, they did it again using NBT and MBA as a less electron withdrawing
group. When MBA replaced NBT the background decreased again. To ensure it is a trend they also

replaced MBA with NBT and saw the background increase. They hypothesized that electron
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withdrawing molecules pull electrons from the metal to the surface, which increased the internal

electric field as well as the background emission.’

While this could be possible, from the experiments conducted it is hypothesized that this
background increase has major contributions from electron transfers mediated by the LSPR. This
is supported by the differently shaped background emissions from the various LEDs. Jain et al.
studied the wavelength dependence on gold nanorods that are acting as a plasmonic photocatalyst
to regenerate NADH cofactors.*® They used gold nanorods functionalized with negatively charged
11-Mercaptoundecanoic acid along with triethanolamine as the hole scavenger and
[Cp*Rh(bpy)(H20)]** as the electron mediator. Their excitation wavelengths were 450, 532, and
808 nm to investigate gold’s wavelength dependence on its threshold energy for interband
transitions (~2.1 eV). They observed the highest photoregeneration from the 450 nm while 808 nm
had the lowest due to 450 nm being above the threshold. It was theorized that this was due to
higher energy hot carriers with a longer lifetime.*® When comparing their results to those
presented, it would make sense that the background emission observed is dependent on the LED
wavelength. Figure 23 displays the LSPR with the LED wavelengths indicated by dashed lines
and the respective laser wavelength used as a solid line. In Figure 23a, the LEDs used in tandem
with the 633 nm laser are shown and all of the LED wavelengths are above the threshold energy.
Figure 23c displays the 785 nm laser along with the two LEDs used, which only 550 is above the
threshold energy. Figure 23b and d present this trend and the wavelengths that are closest to the
plasmon peak seem to have the greatest influence on the background. For simplicity, only the

forward LED sequence is shown for the 550 and 635 nm in Figure 23d.
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Figure 23. The LSPR of the MBA functionalized nanoparticles with dashed lines indicating an LED while the solid lines indicate the
laser wavelength for 633 nm (a) and 785 nm (c). b and d display the background intensity at each LED power for each LED used
with the respective laser. For d, only the forward sequence is shown for each LED.

When comparing Figures 17a, 18a, and 20a the background emission shape looks very
similar. However, when the 450 nm was used the background did not increase nearly as much as
the 455 and 505 nm despite having significantly more power. This descrepency could be caused

by the lack of refocusing between acquisitions. As previously mentioned, refcusing with the LED
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on can cause cone fatigue, which would cause inconsistent focusing. However, it is more probable
that a greater contribution stems from the proximity to the plasmon peak. The 505 nm was the
closest out of the three there seems to be a slight increase in background starting around 1300 cm”
!, In Figure 24, the highest LED power for each wavelength was normalized to the most intense
signal in their respective data set. It is peculiar as to why the background for the 450 nm is lower
than the 455 nm, especially since it had a larger power density. However, it is possible that this
decrease is caused by inconsistent focusing as well. The slope is apparent for the 505 nm and is
theorized to come from higher energy electrons contributing to the background. The 505 nm lies
on the plasmon peak, which increases the absorption as well as the scattering. It is plausable that
as the plasmon decays, charge transfer occurs as those electrons relax via photoluminescence.

Since the 450 and 455 nm are slightly off resonant, they do not experience the same effects.
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When looking at Figure 21, it is clear that there are distinct differences in the background
contiuum. The 550 nm is 1 nm closer to the plasmon peak than the 505 nm, but both are above the
threshold energy for interband transitions. While the 1 nm difference may end up being
insignificant, the placement on the LSPR could be important. The 505 nm is to the blue of the peak
while the 550 nm is to the red but the signifance of this is not understood. It is likely that charge
transfer is also occuring when using 550 nm excitation, however the cause of major increase in the
background is not clear. So, it is hypothesized that being to the red or blue of the plasmon
maximum has a major contribution to the background emission. Meanwhile, the 635 nm is further
from the maximum plasmon peak, lying on the shoulder which is likely due to aggregation. This
energy is below the transition energy, but still experiences an abnormal background increase
around 1000 cm™!, which could be due to the proximity of the aggregation plasmon. This energy
could be facilitating intraband transitions instead, contributing to the significant increase in the
higher energy region of the Stokes spectrum. So, it is likely that the proximity of the absorption
wavelength to either plasmon peak has major effects on the background emission. These are just
theories as the mechanism that is responsible for this phenomena is highly complex and difficult
to probe. However, in the future more experiments can be done to attempt to elucidate this trend

further.

37



Chapter 4: Conclusion

This thesis investigated the wavelength dependence of the background emission evident in
the Raman spectra from MBA functionalized gold nanoparticles with co-illuminating LEDs. The
shape of the background seems to change majorly when the absorption is to the red of the plasmon
peak (550 nm), causing uneven baselines. When it is to the blue (505 nm), the emission is flatter
in comparison, however, there is a slight negative slope near 1200 cm™. If a 450 or 455 nm LED
is used, the backgrounds look similar and do not seem to have any abnormal increases. Neither
LED are resonant with the plasmon maximum, so they do not experience the same effects. When
a 635 nm LED is used, the background increases in general, but more significantly on the higher
end of the Stokes region. This energy is resonant on the plasmon peak that is assumed to be due to
aggregates, so the background could have contributions from this plasmon. The major background
increase could be due to intraband transitions, contributing to the increasing background. Since the
energy of a 505 and 550 nm are both resonant on the single nanoparticle plasmon peak, it is
hypothesized that they absorb the energy and as the LSPR decays, charge transfer occurs as those
electrons relax by photoluminescence. However, the extreme background observed when using
the 550 nm LED is not well understood, so it is hypothesized that being to the red or blue of the
plasmon maximum has a major contribution. The exact mechanism is unknown, and it is difficult

to probe. So, more experiments will to be conducted to attempt to elucidate this trend further.

In the future, the same experiment will be conducted on bare gold nanoparticles to see if
the same effect is observed. Then the 505 and 455 nm will be used in tandem with a 785 nm to
compare the spectrums using a 633 nm laser. It would also be beneficial to use a 633 nm on the

custom microscope to measure the anti-Stokes region to extract the temperature and compare to
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other research papers. Lastly, it would be interesting to use mercaptobenzonitrile, which has peaks
known to shift in the presence of electric fields. This would be valuable to determine if this

background trend is observed over various samples.
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