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ABSTRACT
WILLIAM GREGORY CANNELLA, JR.: Characterizing the Vibrational Modes of
Thiolated Gold Nanoparticles Undergoing Core-Conversions Via Raman Spectroscopy
(Under the direction of Dr. Nathan Hammer)

In this project, the vibrational characteristics/vibrational modes are explored via
Raman Spectroscopy for thiolated-gold nanoparticles. This class of compounds is also
known as gold nanoparticles (AuNPs). They remain of great interest in research areas such
as catalysis, gold dependent nanoelectronics, drug delivery, and sensing, due to their
unique size-dependent optical, chiroptical, and electronic properties. Vibrational
spectroscopy of thiolated gold nanoparticles are oftentimes considered nontrivial as the
compounds strongly absorb light in the visible region of the electromagnetic spectrum, are
generally considered weak scatterers, and give off large amounts of fluorescence. This
combined with their black appearance, susceptibility to localized heating, and lack of
topographical features makes these compounds challenging to study. These compounds
possess unique structural compositions as they are composed of a number of covalently
bonded gold atoms forming what is referred to as a gold core complex. This core complex
is then surrounded by various gold-thiolate staple molecules such as monomeric (SR-Au-
SR), dimeric (SR-Au-SR-Au-SR), trimeric (SR-Au-SR-Au-SR-Au-SR), as well as
bridging thiols. Furthermore, the core complex is also surrounded by various ligand groups.
For the purposes of this study, the ligands of 2-Phenylethylthiol and fert-butylthiol were
investigated. One of the biggest opportunities AuNPs provide, is the ability to undergo
core-size conversions due to electronic and steric effects of the ligands and the interaction
of Au-S bonds. Here, the gold thiolate molecule Ausg(2-PET)24 undergoes a core-size
reduction via etching with tert-butylthiol to produce Auso(S-tBu)is, coined “green-gold”

by the Dass Group. Oftentimes, subtle spectral differences are observed between core-size



conversions; however, this study also explores the vibrational spectroscopic changes
induced by ligand exchanges for a compound that has yet to be vibrationally studied

elsewhere.
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3.3 AuNP Core-Conversions

In previous works it has been shown that the Au-S interface is relatively flexible.'®
This flexibility allows for the rearrangement of gold particles contained within the core as
well as gold-thiol staple units. This staple rearrangement has been observed for various
compounds such as Aue7(SR)3s to Auzs(SR)24 conversion as well as at elevated temperature
conditions.?® 2 Additionally, adsorbed thiolates have been observed to “place-exchange”
between different symmetry sites.?° This is an intriguing quality that allows the gold core
of the compound to undergo core-conversions to different compositions and number of
atoms. This occurs by reacting a starter molecule with a physiochemically different thiol
to induce a core-size conversion.?® The ligand exchange and core-conversion can occur
separately or simultaneously.”® Rambukwella et al. demonstrated that Auss(2-PET)24 is
able to undergo a core-size reduction to Auzo(S-tBu)s via etching with terz-butylthiol with
a Auzs(SCH2CH2Ph)24.x(S-tBu)x intermediate.?® This reaction creates the compound

coined “green-gold” by the Dass group due to its green appearance.?®

Figure 3.1 Visual depiction of the core-conversion process from Ausg(2-PET).4 geometry
to Auzo(S-tBu)is geometry via etching with zert-butylthiol at 80°C.

Source: Milan Rambukwella, Luca Sementa, Alessandro Fortunelli, and Amala Dass, The

Journal of Physical Chemistry C 2017 121 (27), 14929-14935
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Core conversions can result for a variety of reasons such as strong steric or
electronic effects. In this reaction, the tert-butyl group of exchanging ligands exerts a
strong steric effect upon the gold core, causing the core-size reduction to 30 gold atoms.?®
For the purposes of this paper, our interest lies in Auzo(S-tBu)is, first reported along with
its crystal structure by the Dass group in 2013.%!-33 Auso(S-tBu)is has a sterically crowded
thiolate ligand shell and similar core structures, such as Auzi and Aups, have been reported
with similarly bulky thiolate ligands.?® The Dass group reported that the core size is
governed by the thiolate ligand shell, for example only Ausg is stable with aliphatic and
aliphatic-like ligands such as hexane thiol and phenylethane thiol, in contrast to that of the

Auso core which is stable with bulkier ligands such as tert-butylthiol.?®

3.4 Geometric & Energetic Comparison of Auss(2-PET)24 and Auso(S-rBu)1s
There are several discriminating factors between the Ausg(2-PET)24 and Auszo(S-
tBu)is samples. The Ausg(2-PET)24 sample contains an Auxz gold core while Auzo(S-tBu)is
sample contains a smaller Auy gold core.?® Additionally, the Au-S interfaces also differ
significantly. Ausg(2-PET)24 contains three monomeric staple units and six dimeric staple
units while Auzo(S-7Bu)24 contains four monomeric staple units, two trimeric staples, and
2 bridging thiols.?® These differences alongside the ligand exchange from 2-
Phenylethelthiolate to fert-butylthiol and the core-conversion Ause intermediate species
cause differences in the formation energy of the nanomolecules. The formation energies
were investigated by comparison of the various specie’s fragmentation energy, atomization
energy, ligand shell separation, ionization potentials, electron affinities, and chemical

hardness.
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Rambukwella et al. noted that they expected to see similar covalent interactions
since both ligands are considered aliphatic thiols; however, they reported that the S-H bond
reaction energy in both the H-S-rBu and H-SCH>CH:Ph were “nearly identical” having
values of 4.86 eV for Auss(2-PET)24and 4.87 €V for Auso(S-tBu)is.?® This result indicates
that the chemical-behavioral differences between the compounds can be attributed to
geometric or electronic effects due to the larger steric hindrance of the S-rBu compound
rather than Au-S covalent interactions.?3 4

Rambukwella et al. reported that the formation energy was largest for Auss(2-
PET)24, and therefore most stable due to the relative Au-S bond length caused by steric
hindrance. The Au-S bond length ranges for Auso(S-tBu)is and Ausg(2-PET)24 reported
were 2.35-2.44 A and 2.33-2.49 A, respectively.?®

The atomization energy showed that Auso(S-tBu)is has preferable stability when
compared to Auss(2-PET)24 Au-Au first-neighbor distance, which have values of 2.91 A
and 2.95 A respectively.?® It is also important to note that the staple units nearly detach due
to steric hindrance in the Auss(S-1Bu)24 configuration.?®

Ligand shell separation analysis revealed that Ausg(2-PET)24 has a very large ligand
separation value dependent upon residual S-S binding; however, it is dominated by
additional repulsion interactions between organic residues such as n-m bonding and T-
Stacking of phenyl rings.?% 4!

Final comparisons indicated that Ausg(2-PET)»4 had higher ionization potential and
electron affinities than Auso(S-tBu)is; however, Auso(S-tBu)is demonstrated higher values

than Ausg(2-PET)24 for chemical hardness indicating that from an electrical standpoint,

Auso(S-tBu)is is the more stable species.?®
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Chapter 4: Raman Spectroscopic Comparison of Auzs(2-PET)24 and Auso(S-
tBu)s

4.1 Introduction

Thiolate gold nanoparticles have a very interesting electronic structure which
allows atom clusters to behave more as molecules than coordination compounds as they
have discrete optical transitions. They also have other properties such as fluorescence,
which is useful for applications in bionanotechnology, making them excellent markers of
electromagnetic radiation, which can be adjusted by altering the cluster size and ligand
type.>* Additionally, the protective shell of the gold-core can be altered for selective
binding to enzyme and protein receptors, allowing their use as biosensors.*® Gold
nanoparticles are essentially a subdomain of colloids and surfaces and as such, they have
often been in the limelight as the model system for these classes.*® They possess unique
properties, making them good heterogenous catalysts and for uses in size-dependent
electrochemistry.>® Additionally, high chemical stability makes them good candidates for
analyzing self-assembled monolayers, biolabeling, DNA melting, and other applications.*¢
Gold nanoparticles of 2 to 3 nm in diameter have been considered reactive for conjugation
with proteins and DNA as well as with antibody Fc fragments used to identify tagged
proteins in electron micrographs.®’

Furthermore, these compounds have a variety of applications in the biomedical
field. They are often referred to as Nobel-metal nanoclusters, such as Au and Ag, that
behave in similar ways to that of a quantum dot, as they require a single light source for
stimulation of “different-emissive nanoclusters”.?® Additionally, the wavelength of these
clusters can be altered by changing the capping molecules and core size allowing for
additional adaptability.’® Due to these properties, there has been extensive investigation of

the localized surface plasmon resonances. These utilize the interaction of several
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nanoparticles’ localized plasmon resonances and localized electromagnetic fields in
coupled structures, allowing the detection of extremely small amounts of sample.*® This
technique is known as SERS. This signal enhancement was not necessary for the spectral
imaging of these compounds as demonstrated by Varnholt et al.! and Lemuel Tsang’s
spectral data.®® In this study, we utilize classical Raman spectroscopy to compare the
vibrational modes of Ausg(2-PET)24 and its core-size reduction from bi-icosahedron to bi-
cuboctahedron core geometry and ligand exchange to Auso(S-tBu)is without the use of a
temperature control stage for a previously, vibrationally unresearched nanoparticle

cluster.?®

4.2 Methods

For this project, two thiolated gold nanoparticles were investigated; Auzg(2-PET)24
and Auzo(S-tBu)is. Both compounds were provided by Senthil Eswaramoorthy from the
Dass group at the University of Mississippi and were characterized by UV-vis spectroscopy
and MALDI spectrometry to confirm purity. Approximately 5 mg of sample was applied
to a glass slide using dichloromethane. It is important to note that no methanol was used to
lower the surface tension. The dichloromethane was then allowed to evaporate before any
observations were made. All Raman spectroscopic data for this project was collected via a
Horiba LabRAM HR Evolution. For both samples a 633 nm laser with an Ultra-Low
Frequency (ULF) filter was used at 5% power, which translates to a power of
approximately 699-736 uW, since 100% power often resulted in thermal degradation of
the samples. A laser power measuring device, Laser Check by Coherent, was used to make
these measurements. The Horiba’s spectroscopic range is capable of reaching extremely

low wavenumbers (5 cm') utilizing the low frequency filter. A low of 100 cm™' was
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recorded for the Ausg(2-PET)24 sample and a low of 50 cm™! was collected for the Auso(S-
tBu)is due to large amounts of fluorescence in these lower wavenumber regions. The
majority of Ausg(2-PET)24 spectra were collected with an acquisition time of 10 seconds
and 20 accumulations without causing thermal degradation of the sample. The Auso(S-
tBu)1s sample spectra were collected using a maximum of 4 seconds of acquisition time for
10 accumulations, since a 5-second acquisition time caused thermal degradation of the
Auszo(S-tBu)is sample. It is important to note that no temperature control stage was used to
acquire any data. Furthermore, a 600 gr/mm grating and 20x LWD objective was utilized
to acquire all data. Prior to data collection for both samples, the Horiba Raman
spectrometer was calibrated using the auto calibration feature with a fragment of silicon
which has a characteristic peak at 520 cm’!. Once the samples were placed under the
microscope, data was collected at varying focuses. The lack of topographical features
makes it challenging to properly focus on the sample surface. This is the reason the 633
nm laser was utilized over a 785 nm laser. It is also important to note that the spectrum
proved extremely sensitive to focus, a characteristic also observed in Lemuel Tsang’s
thesis.?* Wide wavenumber ranges of approximately 50-1300 cm™! were collected for both
the Ausg(2-PET)24 and Auso(S-tBu)is samples. Ranges exhibiting characteristic peaks were
focused on; such as 175-375, 600-900, and 960-1060 cm™' for Auss(2-PET)24 and 150-350,

575-700, 900-1100, and 1100-1300 cm! for Auzo(S-tBu)is.
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4.3 Results & Discussion

100 200 400 000 1200
Figure 4.1 Raman spectrum of Auzg(2-PET)24 under 20x magnification with 633 nm
ULF excitation from 100-1250 cm™!. Notable Au-S characteristic peaks remain
unresolved in the 200-400 cm! region. Other characteristic peaks appear at 540, 620,

690, 760, 825, 1000, 1030, and 1210 cm.

T T T T T T T T T T T T T T T T T T
175 200 250 300 350
cm’!

Figure 4.2 Raman spectrum of Auzg(2-PET)24 under 20x magnification with 633 nm

ULF excitation from 175-375 cm!. Au-S stretches of the gold core commonly appear in

this region, this region remains too unresolved to discriminate individual peaks.



T T T T I T T T T T T T T T I T T T T T T T T T | T T T T
600 650 700 750 800 850 900
cm!

Figure 4.3 Raman spectrum of Auzg(2-PET)24 under 20x magnification with 633 nm
ULF excitation from 600-900 cm™!. Characteristic peaks appearing at 540, 620, 690, 760,

and 825 cm™'.

T T TT T T T T T

L Tt T Tt T
960 980 1000 1020 1040 1060

cm’!
Figure 4.4 Raman spectrum of Auzg(2-PET)24 under 20x magnification with 633 nm
ULF excitation from 960-1060 cm™!. Characteristic ligand peak of phenylethylthiolate

appears at 1000 cm™! and is attributed to a combination of C-H ring bending and wagging

modes due to assignment from previous works.!'
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—— ey
400 1200

Figure 4.5 Raman spectrum of Auzo(S-tBu)is under 20x magnification with 633 nm ULF
from 50-1300 cm™'. We believe there has been no previous vibrational study performed
on Auso(S-tBu)is, which appears to have characteristic peaks at 250, 636, 975, and 1220

cml.

T T T T T T T T T T T T T T T T T T T
150 200 250 300 350
cm’!
Figure 4.6 Raman spectrum of Auzo(S-tBu)is under 20x magnification with 633 nm ULF

excitation from 150-350 cm™!. This peak could be attributed to Au-S stretching, common

for these compounds in this region. This sharp peak in 200 cm range is likely an

20



unresolved region of Au-S stretches; however, resolution of this region remains

insufficient to differentiate the individual peaks.!> 16

T T T T T

620 640 660 680

cm'!

s558 600
Figure 4.7 Raman spectrum of Auzo(S-tBu)is under 20x magnification with 633 nm ULF

excitation from 575-700 cm™.

y T J T T T y T J T T y T
900 950 1000 1050

cm!

Figure 4.8 Raman spectrum of Auso(S-tBu)is under 20x magnification with 633 nm ULF

excitation from 900-1100 cm.
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1100 1150 1200 1250 1300

cm!

Figure 4.9 Raman spectrum of Auzo(S-tBu)is under 20x magnification with 633 nm ULF

excitation from 1100-1300 cm!.

/ AU30(S-tBu)18
/ AU38(2-PET)24

b

100 200 400 600 800 1000 1200
cm!

Figure 4.10 Raman spectral comparison of Ausg(2-PET)24 and Auzo(S-tBu)is samples
under 20x magnification with 633 nm ULF excitation from 100-1250 cm™!,
After etching with tert-butylthiol, Ausg(2-PET)24 undergoes a core-size reduction
to an Auss(SCH2CH2Ph)24«(S-tBu)x intermediate followed by conversion to bi-

cuboctahedron geometry, Auzo(S-tBu)ig. This new core-conversion structure was studied
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for the first time via Raman spectroscopy and was found to have characteristic peaks in the
200-300 cm™! region, likely due to the various Au-S stretching modes. Though this region
remains too unresolved to identify individual peaks, we observed that the spectral range
for Au-S stretching modes of the Auzo(S-tBu)is sample is smaller than the previously
assigned 200-400 cm™! range of the Au-S stretching modes for Auszs(2-PET)24.!> ¢ These
vibrations, consisting of Au-S-C bending, Au-S-C bending of monomeric and dimeric
staples, symmetric stretching of monomeric staples, radial vibrations of outer sulfurs of
dimeric staple units, radial vibration of central sulfurs of dimeric staple units, and tangential
vibrations should appear at 178, 208, 257, 286, 316, and 357 cm™! respectively, according
to assignments from previous works. !¢ Furthermore, the low wavenumber peaks of Auso(S-
tBu)is, supposedly associated with Au-S stretching modes, has a maximum intensity
occurring at approximately 250 cm!. This is in contrast to the Au-S stretching modes of
Auss(2-PET)24 that occur around 280 cm™! and are likely associated with radial vibrations
of the central sulfur atom located on the long staples which have been previously
assigned.!® Additionally, we observed some characteristic peaks on the Raman spectrum
of the Ausg(2-PET)24 sample around 1000 and 1210 cm™! consistent with C-H ring bending
and wagging modes of the ligand, 2-phenylethylthiol, also assigned in previous works.!6
Given that these are ligand-specific vibrations, when compared to the Auso(S-tBu)is spectra
illustrated in Figure 4.10, the absence of the 1000 cm™! peak is expected. Despite the ligand
exchange from 2-PET to fert-butylthiol, a similar peak to that of the 1210 cm™ in Ausg(2-
PET).4 was observed for the Auso(S-tBu)is sample at approximately 1220 cm™!; however,
this remains uncharacterized. Additionally, there was no peak detected at 1030 cm™! for the

Auszo(S-tBu)is sample.
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4.4 Summary

With this project we were able to successfully investigate the variance in the
vibrational modes of Auss(2-PET).4 before and after conversion to a bi-cuboctahedron core
geometry known as Auzo(S-tBu)is/ “green-gold” via Raman spectroscopy. This shows the
sensitivity of the spectrum to key changes in AuNP core structure and aids in the
characterization of new vibrational modes for previously unobserved Auzo(S-tBu)is. While
the individual plasmon modes of both Auzg(2-PET)24 and Auso(S-tBu)isremain unresolved,
a generalized shift in the 200-400 to 200-300 cm™! regions was observed, suggesting
Auzo(S-tBu)is allows for less Au-S stretching modes to develop, possibly due to steric
hindrance. For future studies, a temperature control stage could be utilized to investigate
AuNP vibrational modes for longer acquisitions and for a greater number of accumulations
as well as higher laser powers. This is especially important for Auzo(S-tBu)is as the sample
appeared more susceptible to localized heating than the Ausg(2-PET)24 sample. Here we
can see the comparative nature of spectra for thiolated gold nanoparticles undergoing a
core-size reduction via ligand exchange pathways. Despite some of the masking of upper
wavenumber region characteristics by fluorescence and lower wavenumber resolution,
these spectral differences provide researchers with valuable insight into the molecular like
properties of AuNPs undergoing core-conversions. Additional planned experiments were

not possible due to the COVID-19 national disaster.
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dChapter 5: Supplemental Information
5.1 Experimental Setup & Methodologies

One of the most important factors for collecting AuNP data is using a relatively
freshly synthesized sample, whether for the Ausg(2-PET)24 or Auso(S-tBu)is samples.
Figure 5.1, shown below, illustrates the difference in spectra obtained for an approximately
7-year-old sample of Auzo(S-tBu)is (right) versus a less than 3-year-old sample of Auso(S-
tBu)is (left). The spectral features are noticeably more pronounced in the newer sample

despite using the same methodology to collect data.

Figure 5.1 Raman spectrum of Au3o(S-tBu)is under 20x magnification with 633 nm ULF

excitation from 50-1300 cm!. This shows the comparison of a fresh 3-year-old sample

(left) and a degraded 7-year-old sample (right).

When preparing the samples with dichloromethane, the entirety of the synthesized
sample was placed in approximately 1-3 mL of dichloromethane to ensure the maximum
concentration of the sample. High concentrations are useful because the sample will need
to be located on the slide under the Raman microscope, and larger particles can be found

with ease. After allowing the dichloromethane to evaporate from the sample slide, locate
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the particle on the glass slide utilizing a low power objective (10x), then proceed to collect
data using a higher power objective (20x).

Since the topographical features of these compounds are not well defined, focusing
on the sample will require trial and error. Once an area of the sample is selected, short
collection times should be used, such as an acquisition time of 4 seconds with 5-10
accumulations. This will provide a general overview of the spectral features of the samples,
and the signal to noise ratio can be adjusted by adjusting the focus. This collection provides
more spectral information on the sample than the real-time-display feature. After obtaining
spectra, continue to adjust the focus to maximize the samples spectral response/intensity
and proceed to collect data with higher acquisition times and accumulations.

A 633 nm laser was used over a 532 nm laser because the 532 nm, even at lower
laser powers, resulted in degradation of the samples due to its higher energy. Additionally,
the 633 nm was used over a 785 nm laser since the 785 nm starts to go outside of the visible
spectrum of light. Therefore, it becomes more difficult to focus the light source on the
sample as when the image is focused; the laser will be slightly out of focus and vice versa;
however, proper focusing can be achieved through additional trial and error.

Due to localized heating susceptibility, data could not be collected at 100% power
with the 633 nm laser. 1% laser power was too low to elicit any kind of discernable spectral
features for either of the samples. For this reason, 5% power was utilized to capture the
spectral features of both the Auss(2-PET)24 and Auso(S-tBu)is samples. For the sake of

reproducibility, 5% power of the 633 nm He/Ne laser with the ULF filter installed
translated to powers of approximately 699-736 uW. For the Auss(2-PET)24 sample, 5%
laser power began to cause thermal degradation above an acquisition time of 10 seconds

with 20 accumulations and above an acquisition time of 4 seconds with 10 accumulations
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for the Auzo(S-tBu)is sample. Therefore, the Auso(S-tBu)is sample appeared slightly more
susceptible to thermal degradation that the Ausg(2-PET)24 sample.

A 600 gr/mm grating was utilized for all data collected in this project. Higher
spectral resolutions could be obtained by recording excitement with the 633 nm laser over
a smaller wavenumber range. Additionally, an 1800 gr/mm grating could be utilized to
achieve higher spectral resolutions; unfortunately, these tests could not be performed due

to the COVID-19 national disaster.
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