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ABSTRACT 

Noble metal nanomaterials have numerous uses in plasmonic and surface enhanced 

Raman scattering (SERS) detection applications; however, upon the addition of analytes, 

nanomaterials often undergo uncontrolled aggregation which leads to inconsistent signal 

intensities. To overcome this limitation, the effect of gold nanosphere concentration, 

column purification, and surface chemistry functionalization using internally etched silica 

stabilization methods was investigated on SERS assays for small molecule detection. 

Nanostructure composition, size, shape, stability, surface chemistry, optical properties, 

and SERS-activity were monitored using localized surface plasmon resonance (LSPR or 

extinction) spectroscopy, transmission electron microscopy (TEM), and Raman 

spectroscopy. First, the behavior of citrate-stabilized gold nanospheres was monitored as 

a function of molecular surface coverage. Both extinction and SERS spectral intensities 

increased linearly below monolayer functionalization. Above this value, however, 

uncontrolled nanoparticle aggregation occurred and large but irreproducible SERS signal 

intensities were monitored. Next, gold nanoparticles were encapsulated with varying 

silica shell thicknesses and purified using traditional centrifugation steps and/or column 

chromatography. Relative to the traditionally purified (i.e. centrifuged) samples, the 

SERS responses from small molecules using the column purified nanoparticle samples 

followed a well-known SERS distance-dependence model. Thus, surface chemistry 

cannot form more than a 2 nm thick layer on gold nanospheres if SERS applications were 

targeted. To overcome these challenges, gold nanospheres encapsulated with a thick 

silica shell were made SERS-active by etching the internal silica layer near the metal 

surface. During the synthesis of these internally etched silica-coated gold nanospheres, 
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the LSPR wavelength shift, a parameter related to the effective local refractive index near 

the gold core, was monitored instead of etching time, in order to produce nanostructures 

with more uniform internal silica etching from sample to sample. The SERS-activity of a 

target molecule using these nanostructures was measured as a function of LSPR 

wavelength shift. SERS signal intensity increased, which suggested that more analyte 

molecules were able to bind to the gold surface because of the larger pore size in the 

silica layer near the metal core. Further exploration of these findings should increase the 

integration of solution-phase nanoparticles in more predictable functions in future 

applications, resulting in more quantitative and reproducible molecular detection in 

complex sample matrices, including biological and environmental samples.  
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CHAPTER I 

SYNTHESIS, CHARACTERIZATION, AND DIRECT MOLECULAR 

DETECTION USING DIELECTRIC STABILIZED SERS SUBSTRATES 

1.1 Introduction 

Nanostructures are materials whose structural elements have one dimension in the 

1 to 100 nm range[5-10] and have unique optical properties arising from their 

nanoscale dimensions.[7, 9] Over the years, researchers from various fields have been 

focused on improving the synthesis and fabrication methods of these 

nanostructures[11-16] because nanostructures’ unique size dependent properties are 

not observed in bulk materials.[17-24] These properties depend on nanostructure 

composition, shape, size, local dielectric environment, and surface chemistry.[25-28] 

Control over these parameters, especially nanomaterial surface chemistry, is critical 

for successful and reproducible molecular detection applications because modifying 

the surface of the nanomaterials will improve their catalytic[29] and  optical[30] 

properties, as well as their structural stability[31] in various bulk environments.[32]  

An important class of nanomaterials exhibits size-dependent plasmonic 

properties.  Plasmonic nanomaterials are composed of noble metals (i.e., gold, silver, 

copper, etc.),[3, 33, 34] exhibit optical properties which arise from their localized 

surface plasmon resonance (LSPR), [35, 36]  and can be used in a wide range of 

applications including surface-enhanced Raman scattering (SERS).[37-39] These 

noble metal nanostructures exhibit unique size-dependent optical properties that allow 

their use as functional materials in applications including plasmonic devices,[40-44] 
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optical filters,[40, 45] chemical and biological sensors,[46-55] and surface-enhanced 

spectroscopy.[56-64] 

1.2 Localized Surface Plasmon Resonance (LSPR) and SERS 

LSPR spectroscopy is a phenomenon that occurs when electromagnetic radiation 

interacts with a noble metal nanoparticle that is smaller than the wavelength of 

light.[25, 27, 28, 65, 66] The light is selectively absorbed and/or scattered by the 

metal nanostructure, which causes the free conduction electrons on the surface of the 

nanoparticle to oscillate collectively.[25, 37, 65-68] Two implications of LSPR are 

(1) a strong extinction band and (2) surface-enhanced spectroscopy, including SERS.  

When radiation passes through a medium, the molecules present in the sample 

interact with the incident beam, and scattering occurs. Most of the scattered photons 

have the same frequency and the same wavelength as the incident photons, which is 

known as elastic or Rayleigh scattering.[69] In 1928, Raman and Krishnan reported 

that some scattered photon energy is different from that of the incident light.[69-72] 

This scattered photon energy is known as inelastic or Raman scattering.[73] The 

Raman scattering photons can either gain or lose energy.[74] Stokes scattering results 

from an excitation from the ground state to a virtual energy state, followed by a 

relaxation into an excited vibrational state. However, if the analyte species present in 

the sample become stimulated at an excited vibrational state and then relax to the 

ground state, then the scattered photons will have a greater frequency and appear at a 

higher energy. This type of scattering is known as anti-Stokes.[73] Figure 1.1 

illustrates an energy-level diagram for both Rayleigh and Raman scattering, where the 
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Figure 1.1 Energy-level diagram for Rayleigh (elastic) and Raman (inelastic) 

scattering at the frequency of the light source (ν
l
). Rayleigh scattering has the same 

energy as the excitation energy. Raman scattering can either manifest as Stokes or 

anti-Stokes, which appear at a lower and higher frequency in relation to Rayleigh 

scattering, respectively. The molecular vibration of the analyzed sample is of 

frequency ν
m

.  
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thicker the line, the stronger signal of the transition.[75-80] 

Raman scattering has numerous advantages in comparison to other analytical 

techniques, including fluorescence spectroscopy.[81-88] For instance, the width of 

the Raman bands are usually 10-100 times narrower than most fluorescence 

bands.[83] Thus, with Raman spectroscopy, it is possible to identify molecules with 

very small structural variations.[84] Significantly, Raman spectroscopy is a label-free, 

nondestructive method with simple sample preparation. Data collection is rapid, and 

chemical reactions can be monitored in real time. Nevertheless, normal Raman 

scattering provides very weak signals of high analyte concentrations (M), a result of 

very small Raman cross-sections (~l0
-29

 - l0
-31

 cm
2
 sr

-1
).[84, 89, 90] 

The weak signal limitation from Raman scattering can be overcome using 

SERS.[91-93] SERS is a surface-sensitive[11, 94-96] technique that was discovered 

over 35 years ago[97-102] and is suitable for studying small quantities of analytes at 

low concentrations (pM to single molecules).[61, 103-107] This method enhances the 

normal Raman signal of molecules in solution by adsorbing the molecules on or near 

a rough metal surface[108-112] or metal nanoparticles.[113, 114] The resulting 

enhancement can be up to 9 orders of magnitude (Figure 1.2)[61, 94, 101, 115-118] 

and is generally attributed to both chemical and electromagnetic effects.[34, 66, 100, 

115, 119-127] The chemical enhancement mechanism is a short-range effect[3, 128-

130] that arises from the direct interaction between an adsorbed molecule and the 

metal surface, which contributes up to 2 orders of magnitude to the SERS signal.[94, 

128, 129, 131, 132] Electromagnetic enhancement, on the other hand, is a long-range 

effect that provides a contribution of up to 8 orders of magnitude.[105, 126, 128, 130, 
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133] This enhancement is attributed to the LSPR of the noble metal substrate.[18, 

131, 134-142] Figure 1.2 shows a comparison of a normal Raman scattering spectrum 

of 3 M pyridine in solution and a SERS spectrum of a monolayer of pyridine 

adsorbed on a silver nanoparticle array. The target molecule was identified from each 

method; however, the SERS response intensity of the analyte was 7 orders of 

magnitude larger than that of the normal Raman signal.  

1.3 SERS Substrates 

Numerous metal substrates have been used to obtain SERS spectra of target 

molecules. These enhancing metals include Ag, Au, Pt, Cu, Na, Li, and other 

transition metals.[97, 143-148] The most common metal substrates used for SERS 

detection are solution-phase noble Ag and/or Au colloids[149, 150] because the 

synthesis methods for these nanoparticles are straightforward and provide large, 

qualitative Raman enhancements.[151] Thanks to the increase in the advances of 

nanoscience fabrication and synthesis, both Ag and Au nanoparticles can now be 

synthesized with well-defined structures in diameters ranging from micro to 

molecular scales.[152-154]   

However, the utility of these noble metal nanoparticles as SERS substrates is 

limited because of poor control over their electromagnetic and/or physical 

stability.[155, 156] This lack of control is especially true for silver nanoparticles 

because citrate-stabilized silver nanoparticles: (1) release Ag
+
 by oxidative 

dissolution, which can be re-adsorbed to the particle surface;[157, 158] and (2 ) often 

aggregate to minimize their large surface area or energy (i.e., silver nanoparticles 

ranging from 1-10 nm diameter).[159] These two phenomena will vary the surface 
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Figure 1.2 Comparison of (1) a normal Raman spectrum of 3 M pyridine in 

solution and (2) a SERS spectrum of a monolayer pyridine on a silver nanoparticle 

array (Haes data).  
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chemistry of these nanoparticles, leading to inconsistent LSPR and SERS 

measurements. Moreover, modifying the surface of silver nanoparticles can be a 

challenge because of the above phenomena, and this synthesis is often conducted in 

the dark. Gold nanoparticles, on the other hand, can remain stable for months with 

citrate capping.[160] However, upon the addition of target molecules, citrate-

stabilized gold nanoparticles can undergo uncontrolled aggregation, which limits the 

reproducible quantitative analysis of target molecules.[156, 161, 162] 

In order to obtain quantifiable and reproducible SERS signals, several approaches 

have been used. The first approach is to modify the gold surface with ligands[163] to  

prevent aggregation. During ligand displacement, however, aggregation can still 

occur and cause changes in the LSPR and SERS signals.[163] The second approach is 

to encapsulate gold cores in robust shells composed of polymers,[164] 

dendrimers,[165] or silica.[161, 166, 167] For instance, sol-gel silica is a well-known 

method to form core@shell structures.[168-170] The silica shell offers several 

advantages, including electromagnetic stability in various solvents, optical 

transparency, and biocompatibility.[167, 171-173] It can be synthesized as a thin, 

microporous silica shell;[174] a thick, microporous silica shell;[161] or as a 

mesoporous silica shell on metal nanoparticle surfaces.[4] Although small molecules 

and ions can diffuse through these silica,[175] their utility for SERS study is limited, 

because certain Raman-active molecules, such 2-naphthalenethiol and 4-

aminobenzenethiol, are unable to diffuse through the silica shells toward the metal 

core, enabling detection.[176-178] Figure 1.3A shows TEM images for these three 

types of silica shells. As shown in Figure 1.3B1-3, no SERS signal was observed in 
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Figure 1.3 (A) TEM micrograph and (B) SERS spectra of 2-naphthalenethiol, 

using synthesized gold nanospheres with modified surfaces: (1) thin, microporous 

silica; (2) thick, microporous silica; (3) mesoporous silica; and (4) internally 

etched silica shells.[4] 
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their presence.[4] However, if the internal silica matrix is etched away by controlling 

the silica precursors used during silica condensation, SERS-activity is observed (see 

Figure 1.3B4).[161] 

 1.4 Thesis Outline 

In this thesis project, the impact of nanoparticle concentration and surface 

chemistry on the use of gold nanospheres in SERS studies was investigated. The 

SERS responses of these target molecules are explored as a function of analyte and 

nanoparticle concentrations, silica shell thicknesses, and extinction wavelength shift. 

In Chapter 2, molecular surface coverage of the target molecule 2-naphthalenethiol 

and a known gold nanoparticle concentration are shown to be critical in generating 

correlated extinction and SERS signals using solution-phase, citrate-stabilized gold 

nanostructures. In Chapter 3, variation in the direct SERS detection of the target 

molecule, 2-naphthalenethiol, is eliminated by applying a quality control step 

(column chromatography) to silica-coated gold nanospheres prior to their use as 

SERS substrates. In Chapter 4, using the shift in the extinction maximum wavelength 

during internal silica dissolution for the fabrication of internally etched, silica-coated 

gold nanoparticles, instead of using etching times, is shown to lead to more uniform 

internal etching from sample to sample. This more uniform internal etching, in turn, 

allows for more consistent SERS measurement of target molecules. Finally, in 

Chapter 5, conclusions and future directions of solution-phase nanomaterial synthesis 

for the direct SERS detection of target molecules are summarized. In the future, these 

materials could be integrated into multi-analyte detection for biological and 

environmental applications. In Appendix A, extinction and SERS spectral responses 
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are correlated to transmission electron micrographs of internally etched, silica-coated 

gold (IE Au@SiO2) nanospheres, as a function of etching time. Based on these 

results, the synthesis of Au@SiO2 nanospheres was troubleshooting to reduce the 

percentage of observed free silica particles. Preliminary SERS results using internally 

etched Au@SiO2 nanospheres from various environments, which relate to ionic 

strength, pH, and polarity are presented in Appendix B.  
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CHAPTER II 

CORRELATING MOLECULAR SURFACE COVERAGE AND 

SOLUTION-PHASE NANOPARTICLE CONCENTRATION TO SURFACE-

ENHANCED RAMAN SCATTERING INTENSITIES 

2.1 Introduction 

Gold nanoparticles exhibit unique extinction spectra that arise from their localized 

surface plasmon resonance (LSPR),[179, 180] an optical phenomenon not observed in 

bulk material.[18, 20, 22, 34] LSPR spectra are dependent on many parameters, 

including nanoparticle shape, size, local dielectric environment, stability, and surface 

chemistry.[26-28] Control over these parameters leads to predictable optical 

properties, allowing for their integration into many applications, such as: optical 

filters,[181, 182] photon energy transport,[183, 184] biological diagnostics,[185, 186] 

lasers,[187, 188] and surface-enhanced Raman scattering (SERS) detection.[37-39, 

189]  

The localized electromagnetic fields accompanying LSPR excitation are a key 

factor in the intense signals observed in all surface-enhanced spectroscopies, 

including SERS.[11, 66] With SERS, the intensity of the normal Raman effect is 

increased up to 9 orders of magnitude,[61, 94, 115-117] which is used to improve 

molecular detection. SERS is generally attributed to a combination of at least two 

major contributions. The largest factor of SERS enhancements depends on the LSPR 

or strong electromagnetic (EM) fields that extend several nanometers away from a 

nanostructure.[17-24, 115, 116] Although still debated,[190, 191] SERS 

enhancements can be maximized when the excitation wavelength is tuned to overlap 
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with the LSPR.[118, 192] The second contribution to SERS enhancements is a short-

range chemical (CHEM) effect that arises from the electronic coupling of the charge 

transfer between a molecule and a nanostructure.[120, 193, 194] Both mechanisms 

are hypothesized to broaden the molecular orbitals of the adsorbate, which 

subsequently overlap with the LSPR of the nanostructures.[119, 191, 195] 

Because SERS provides sensitive and specific molecular information in aqueous 

media, detection of biological[196, 197] and environmental[198, 199] species are 

often targeted. Despite their widespread use, applications that use solution-phase 

metal nanoparticles[37, 200-202] for reproducible and quantifiable SERS responses 

remain limited because of unstable and unpredictable short- and long-range 

interactions between nanoparticles in solution that result upon the addition of the 

target molecule.[161, 162] Analysis is further complicated when solution-phase 

nanoparticles are used because large clusters form,[203] leading to uncontrolled 

nanoparticle aggregation. Furthermore, varied surface charges can result when the 

pH, ionic strength, or molecular composition of the surrounding solution is 

modified.[204, 205] Although quantitative SERS detection platforms were previously 

reported for gold nanoparticles,[206-209] nanoparticle extinction and SERS spectra 

were not simultaneously reported. As a result, microscopy,[210] microfluidics,[210] 

and internal standards[207, 211] were previously used to quantify SERS 

measurements.  

This study demonstrates that the molecular surface coverage of the target 

molecule 2-naphthalenethiol (2-NT) and known gold nanoparticle concentrations are 

critical in generating correlated extinction and SERS signals using solution-phase 
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nanostructures. Gold nanoparticle and 2-NT concentrations were varied while 

nanoparticle extinction and SERS signal intensities of the molecule were monitored. 

Three-dimensional (3D) contour plots demonstrated that the behavior of extinction 

and SERS intensities were correlated when molecular surface coverage was less than 

an estimated[212] monolayer surface coverage. Above this value, large but 

irreproducible SERS signal intensities were observed. This report was the first study 

in which molecular surface coverage on solution-phase gold nanoparticles is 

correlated with simultaneous LSPR and SERS measurements. These results should 

facilitate the predictable detection of other target molecules when quantitative SERS 

detection is required. 

2.2 Experimental Methods 

2.2.1 Reagents  

Gold (III) chloride trihydrate (HAuCl4·3H2O), sodium chloride (NaCl), and 2-NT 

(99%) were purchased from Sigma (St. Louis, MO). All other chemicals were 

purchased from Fisher Scientific (Pittsburg, PA). Water (18.2 MΩ cm
-1

) was obtained 

using a nanopure system from Barnstead (Dubuque, IA). For all experiments, 

glassware was cleaned with aqua regia (3:1 HCl:HNO3), rinsed thoroughly with 

water, and oven-dried overnight before use. 

2.2.2 Gold Nanoparticle Synthesis 

Gold nanoparticles were synthesized via citrate reduction.[161, 213] Briefly, a 1 

mM HAuCl4·3H2O solution (50 mL) was refluxed and vigorously stirred for 15 

minutes. Once a rolling boil was achieved, 5 mL of a 39 mM tri-sodium citrate 

solution was quickly added. The resulting solution was refluxed for an additional 10 
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minutes and then allowed to equilibrate to room temperature while stirring. The 

resulting average gold nanoparticle diameter (d) was 13.2 ± 1.3 nm, as determined 

from transmission electron microscopy (TEM).   

2.2.3 Transmission Electron Microscopy (TEM) 

TEM was performed using a JEOL JEM-1230 microscope equipped with a Gatan 

CCD camera. Samples were prepared on 400 mesh copper grids that were coated with 

a thin film of Formvar and carbon (Ted Pella). The nanoparticle solution was diluted 

in a 50% water−ethanol mixture. The solution (~50 μL) was pipetted onto a grid and 

promptly drained using filter paper. Over 600 nanoparticles (N) were analyzed using 

Image-Pro Analyzer 6.1 (Media Cybernetics) to estimate the average diameter of the 

nanoparticle. Propagated error in the nanoparticle surface area was estimated from 

TEM data. 

2.2.4 Sample Preparation 

Following this process, 15.0 nM Au nanoparticles and 2.65 mM 2-NT (in ethanol) 

stock solutions were prepared and then 2-NT was diluted to 50 µM in water. The 

citrate concentration was maintained at 0.25 mM for all measurements. After adding 

2-NT and the nanoparticles into a cuvette, the mixture was briefly vortexed before 

any measurements. Extinction and SERS spectra were collected every 10 seconds and 

one minute, respectively, for one hour. Gold nanoparticle concentration was 

estimated[214] via extinction spectroscopy using an extinction coefficient (520nm) = 2 

x 10
8
 M

-1
·cm

-1
.  
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2.2.5 Simultaneous Extinction and SERS Spectroscopy 

Extinction and SERS measurements were performed simultaneously using a 

modified sample holder and 1 cm quartz cuvette. LSPR spectra were collected near 

the top of the cuvette using an UV-vis spectrometer (HR4000 or USB4000, Ocean 

Optics). All spectra were baseline-adjusted at ~450 nm to account for white light 

source variations.  

Raman scattering was monitored near the base of the cuvette with excitation 

occurring perpendicular to the extinction light source using an ExamineR 785 (Delta 

Nu) and the following parameters: excitation wavelength (λex) = 785 nm, integration 

time (tint) = 10 s, and laser power (P) = 52 mW. All spectra were background-

corrected using samples that contained only nanoparticles (no 2-NT). Random XYZ 

and Renka-Cline matrix conversion methods (Origin 7.5) were used to interpolate and 

to generate 3D extinction and SERS plots. Only spectral intensities greater than three 

times the spectral noise were used in analysis. Spectral noise was estimated as the 

standard deviation of the baseline from 1900 – 1700 cm
-1

. 

2.3 Results and Discussion 

2.3.1 Time-Dependent Extinction and SERS Spectral Responses 

The SERS phenomenon originates from interactions between Raman-active 

vibrational modes of a molecule and the chemical and electromagnetic properties of 

noble metal nanoparticles.[11, 66, 190, 191, 209] SERS signals typically increase as 

nanoparticle aggregation occurs, which induces heightened electromagnetic fields in 

gaps between nanostructures.[215] Solution-phase nanostructures are intrinsically 

unstable in the presence of target molecules, which can be considered either a positive 
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or a negative effect.  The instability of the nanoparticles could be viewed as positive, 

given increased SERS signals, or as negative, because nanoparticle aggregation is 

difficult to control, thereby limiting the reproducibility and/or quantitative capabilities 

of SERS intensities for signal transduction.  

Both of these experimental conclusions are related and observed via time-

dependent changes in the electromagnetic properties of the nanoparticles. An example 

of these variations is shown in Figure 2.1. A 4 nM gold nanoparticle (d = 13.2 ± 1.3 

nm) solution incubated with 6 μM 2-NT exhibits time-dependent extinction (Figure 

2.1B) and SERS (Figure 2.1C) spectral responses. The extinction maximum 

wavelength (λmax) is centered at 520.4 nm, then red-shifts and decreases in magnitude 

as a new lower energy extinction band develops with increasing time (Figure 2.1B). 

This red-shift and decrease in the magnitude of the λmax indicate molecule-induced 

nanoparticle aggregation. As this occurs, the SERS signal from 2-NT increases with 

increasing time (Figure 2.1C).  

Correlated trends are observed between low-energy extinction and SERS 

vibrational bands. Both extinction and SERS signals are dynamic and increase 

steadily over the first ~15 minutes of the nanoparticle-molecule incubation period. 

For instance, time-dependent changes in extinction at 785 nm and the 2-NT 

vibrational mode at vib = 1064 cm
-1

 increase, then slightly decrease (Figure 2.1D). 

These plasmonic trends are attributed to nanoparticle aggregation and sedimentation, 

respectively. 2-NT displaces the stabilizing citrate molecules on the nanoparticle 

surface, thus destabilizing the nanoparticles via double-layer disruption. This 

disruption, in turn facilitates: (1) additional 2-NT binding to the nanoparticle surface, 
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Figure 2.1 Structural and optical characterization of gold nanoparticles. A) TEM 

image of the gold nanoparticles used (d = 13.2 ± 1.3 nm). B) Extinction and C) 

corresponding SERS spectra for 4 nM gold nanoparticles incubated with 6 µM 2-

NT are shown over a 1 hour period. D) Comparison of the (■) SERS intensity at 

1064 cm
-1

 and (●) extinction at 785 nm are plotted vs. time. SERS parameters: tint 

= 10 seconds, λex = 785 nm, P = 52 mW. 
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(2) nanoparticle aggregations, and consequently, (3) an increase in both low-energy 

extinction and SERS intensities. Finally, after the extinction and SERS signals 

maximize, both signals decrease with increasing time. 

To evaluate how extinction and SERS intensities vary with target molecule 

concentration, a 4 nM gold nanoparticle solution was mixed with 2-NT 

concentrations varying from 0.5 – 11 µM. Changes in extinction at the initial LSPR 

maximum wavelength, the Raman excitation wavelength, and at an energy between 

the Raman excitation and molecular vibrational energies were tracked at λ = 520 

(Figure 2.2), 785 (Figures 2.3A), and 821 nm (Figure 2.4), respectively. Comparisons 

between these wavelengths and SERS intensities at 1064 cm
-1

 (Figure 2.3B), as a 

function of both time and 2-NT concentration, were subsequently evaluated. As 

expected, extinction at 520 nm decreases with increasing time for all 2-NT 

concentrations. In contrast, extinction at both 785 nm and 821 nm increases with 

increasing 2-NT concentrations for a fixed incubation time. Since extinction trends 

are similar at the two lower energy wavelengths, extinction at 785 nm was chosen for 

evaluation in all subsequent studies. Importantly, extinction at 785 nm and SERS 

intensities systematically increase and saturate more quickly than similar experiments 

performed with lower 2-NT concentrations. Notably, these trends are reproducible 

when 4 nM gold nanoparticle solutions are incubated with less than 6 µM 2-NT 

concentrations. Similar trends in extinction and SERS intensities are observed above 

6 µM 2-NT concentrations, but the magnitude and rate of these changes are 

inconsistent (data not shown).  
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Figure 2.2 Extinction intensity at λ = 520 nm for 4 nM gold nanoparticles. A) 2D 

time-dependent spectral changes for ( ■ ) 0.5 , ( ● ) 2, ( ▲ ) 4, ( ▼ ) 6, ( ♦ ) 8, and 

( ◄ )11 µM 2-NT; and B) 3D contour map as a function of time. The black line 

represents 100% theoretically calculated surface coverage of 2-NT on gold 

nanoparticles. 
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Figure 2.3 2-NT concentration and time-dependent spectral changes for 4 nM 

gold nanoparticles. A) Extinction at 785 nm and B) SERS intensity at 1064 cm
-1

 

for ( ■ ) 0.5 , ( ● ) 2, ( ▲ ) 4, ( ▼ ) 6, ( ♦ ) 8, and ( ◄ ) 11 µM 2-NT are included. 
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Figure 2.4 Extinction intensity at λ = 821 nm for 4 nM gold nanoparticles. A) 2D 

time-dependent spectral changes for ( ■ ) 0.5 , ( ● ) 2, ( ▲ ) 4, ( ▼ ) 6, ( ♦ ) 8, and 

( ◄ ) 11 µM 2-NT; and B) 3D contour map as a function of time. The black line 

represents 100% theoretically calculated surface coverage of 2-NT on gold 

nanoparticles. 
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2.3.2 Extinction and SERS Spectral Responses as a  

Function of Surface Coverage 

To evaluate how nanoparticle concentration impacts these measurements, both 2-

NT concentration and time-dependent extinction and SERS changes were monitored. 

Nanoparticle concentration was estimated using the method developed by Haiss.[214] 

Next, both gold nanoparticle and 2-NT concentrations were varied systematically and 

monitored as a function of time. For each nanoparticle concentration, 2-NT 

concentrations were selected to provide varying degrees of citrate displacement from 

the nanoparticle surface. Molecular surface coverage was estimated using the 

following equation:   

            % 100*
C

C
*

SA

SA
  Coverage Surface  %

NP

NT-2

NP

NT-2                            (2.1) 

           cle/nanopartinm 107  ±547 
2

nm 13.2
4πSA 2

2

NP 







                    (2.2) 

where SA2-NT is the surface area occupied by a 2-NT molecule (0.244 

nm
2
/molecule),[212] SANP is the available surface area per nanoparticle (equation 

2.2), and C2-NT and CNP are 2-NT and nanoparticle concentrations, respectively. It 

should be noted that the 2-NT footprint will vary with orientation and packing 

density, and each nanoparticle exhibits a unique crystal structure and geometry (i.e., 

distinct surface area). Consequently, this molecular coverage estimation represents 

only an average molecular surface coverage on all nanoparticles in solution. 

Therefore, each 2-NT concentration yields an estimated molecular surface coverage 

only if the nanoparticle concentration is known.  
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Time-dependent trends in extinction at 785 nm and SERS intensities at 1064 cm
-1

 

for each nanoparticle concentration (A = 2 nM, B = 4 nM, C = 6 nM, and D = 8 nM) 

are shown in Figures 2.5 and 2.6, respectively. To maximize data clarity, 3D contour 

maps are included, where the x-axis represents time, the y-axes represent molecular 

concentration (left) and estimated surface coverage (right), and the colors represent 

either extinction at λ = 785 nm or SERS intensity at vib = 1064 cm
-1

. Each fixed 

nanoparticle concentration map represents spectral evaluation of at least 7 

concentrations of 2-NT collected for 60 minutes. In all contour maps, a solid black 

line is included, which represents a monolayer coverage of 2-NT, depending on 

nanoparticle concentration. As a result, the nanoparticle surface area will saturate 

when 4.5, 9.0, 13.5, and 18.0 µM 2-NT is added to and equilibrated with 2, 4, 6, and 

8 nM gold nanoparticle solutions, respectively. 

Several trends are observed in both extinction (Figure 2.5) and SERS intensities 

(Figure 2.6). First, spectral intensities increase more rapidly over the first 5 – 10 

minute period as 2-NT concentration increases (for each fixed nanoparticle 

concentration) vs. later times. Spectral intensities increase linearly below the 

theoretical 2-NT monolayer coverage on the gold nanoparticles, then saturate for 2 

nM gold nanoparticle concentration (Figures 2.5A and 2.6A). Additional increases in 

2-NT concentration yield similar behaviors; however, the spectral signals decrease 

with longer duration. For instance, the extinction and SERS intensities from 4 - 8 nM 

gold nanoparticle concentrations (Figures 2.5B - D and Figures 2.6B - D) saturate in 

less than 10 minutes and then decrease. Spectral maxima are observed at ~100 % 2-

NT surface coverage for both extinction and SERS measurements for all nanoparticle 
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Figure 2.5 3D contour maps of extinction at λ = 785 nm vs. time for A) 2, B) 4, C) 

6, and D) 8 nM gold nanoparticle concentrations. The black line represents 

theoretically calculated 100% 2-NT surface coverage on gold nanoparticles. 
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Figure 2.6 3D contour maps of SERS intensities at vib = 1064 cm
-1

 vs. time for 

A) 2, B) 4, C) 6, and D) 8 nM gold nanoparticle concentrations. The black line 

represents theoretically calculated 100% 2-NT surface coverage on gold 

nanoparticles. 
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concentrations studied. Of note, extinction signals reach maximum values more 

slowly and persist for longer time periods than that for the SERS data, thereby 

indicating that the SERS signals are likely dominated by large nanoparticle 

aggregates that form quickly then settle out of solution. This would be in contrast to 

extinction results from the average optical response, which are by all nanoparticles in 

solution. Nanoparticle collisions, and therefore nanoparticle aggregates, are more 

likely to form when the nanoparticle concentration increases and the double layer is 

disrupted by the thiolated molecules.  

Clearly, both extinction and SERS intensities increase with time and 2-NT 

concentration then saturate at ~100 % surface coverage before decreasing. At a fixed 

2-NT concentration and varying nanoparticle concentration, extinction and SERS data 

reveal several distinct trends. First, Figures 2.5 and 2.6 show that when a fixed 2-NT 

concentration is incubated with varying nanoparticle concentrations, extinction and 

SERS data (at a fixed time) respond systematically. For instance, 4 µM 2-NT causes 

the extinction at 785 nm for 2, 4, 6, and 8 nM nanoparticle concentrations to saturate 

at ~0.40, 0.30, 0.28, and 0.24 AU, respectively. Noticeably, the saturated extinction 

values are inversely proportional to nanoparticle concentration. Significantly, this 

response is directly proportional to 2-NT surface coverage, which is ~90, 45, 30 and 

22% for the respective nanoparticle concentrations. These trends are clearly 

dependent on nanoparticle concentration. Extinction, measured at  = 785 nm, 

overlaps with the low-energy LSPR band of gold nanoparticle aggregates. As a result, 

SERS intensities at a fixed 2-NT concentration, but varying nanoparticle 

concentrations, are also inversely proportional to low 2-NT surface coverages. For 
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instance, 4 µM 2-NT produces SERS signal intensities of ~80, 55, 45, and 40 

ADU·mW
-1

·s
-1

 for 2 (90 %), 4 (45 %), 6 (30 %) and 8 (22 %) nM nanoparticle 

concentrations (surface coverages), respectively.   

In contrast, the largest SERS signals are observed at 130, 155, 195, and 220 

ADU·mW
-1

·s
-1 

for 2, 4, 6, and 8 nM nanoparticle concentrations, respectively. In each 

case, this maximum value corresponds to 2-NT concentrations that should form a full 

2-NT monolayer because of the strong binding affinity between sulfur and the gold 

nanoparticle surfaces. When additional 2-NT is incubated with each nanoparticle 

solution, trends in SERS signal changes are inconsistent. In summary, these trends are 

consistent with SERS signals which correspond with relatively stable LSPR 

properties (low-molecular surface coverage) while the large, and subsequently 

inconsistent, SERS measurements arise from molecule-induced nanoparticle 

instability and plasmonic changes.  

2.3.3 Correlated Three-Dimensional (3D) Spectral Maps 

Three-dimensional maps allow for straightforward comparisons and correlations 

between parameters that affect spectral signals. When sufficient 2-NT is added to 

saturate the nanoparticle surface (100 % surface coverage), extinction values 

maximize in ~5, 10, 15, and 20 minutes, while SERS intensities peak after ~7, 5, 4, 

and 2 minutes for 2, 4, 6, and 8 nM nanoparticle concentrations, respectively. It is 

hypothesized that trends in extinction data are dictated by molecular (2-NT) 

concentration, and as a result, by the average distance between and the double-layer 

thickness surrounding the nanoparticles as well. Conversely, SERS signals are 
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dominated by quickly forming nanoparticle aggregates that efficiently settle out of 

solution. 

To test this hypothesis, extinction and SERS intensities at a fixed time (5 minutes) 

were plotted in 3D contour maps for extinction and SERS spectral responses (Figures 

2.7A and 2.7B, respectively) to evaluate correlated trends between nanoparticle and 

molecule concentrations. These plots were generated using at least 7 concentrations 

of 2-NT (x-axis) vs. 4 nanoparticle concentrations (y-axis) with figure colors 

representing spectral magnitudes. A 5 minute incubation time was selected, as it 

correlates with the average time required to observe maximized SERS intensities. The 

~100 % surface coverage (solid line) and propagated error in nanoparticle surface 

area (dashed line) are included in both contour maps. Surface coverage exceeds a 

monolayer surface coverage to the right and below the solid line. 

As shown in Figure 2.7, both extinction at λ = 785 nm and SERS intensities at 

vib  = 1064 cm
-1

 increase linearly with increasing 2-NT concentration (fixed 

nanoparticle concentration) when the theoretical surface coverage is less than a 

monolayer. This response demonstrates that as 2-NT surface coverage increases, 

citrate molecules are quickly displaced and signal changes are dominated by 2-NT 

surface coverage and/or slight plasmonic variations. Above a monolayer surface 

coverage of 2-NT, both extinction and SERS signals maximize then decrease. This 

behavior suggests electromagnetic coupling between the solution-phase 

nanostructures, which are able then to settle out of solution. Trends in nanoparticle 

concentration are also apparent. For a fixed sub-monolayer 2-NT surface coverage 

addition, both extinction and SERS data are largely independent of nanoparticle 
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Figure 2.7 3D contour maps correlating A) extinction at 785 nm and B) SERS 

intensity at 1064 cm
-1

 for 2-NT as a function of both gold nanoparticle and 2-NT 

concentrations (incubation time = 5 minutes). The solid black lines represent 

estimated monolayer surface coverage of 2-NT on the surface of gold 

nanoparticles. The error in nanoparticle diameter was used to propagate the 

uncertainty of these values (range shown with dashed lines). On average, surface 

coverage exceeds a monolayer to the right and below the solid line. 

 

 

 

 

 

 



30 
 

 

3
0
 

concentration. At higher 2-NT concentrations, both extinction and SERS data 

increase systematically, once again suggesting that nanostructures are undergoing 

aggregation, which then facilitates electromagnetic coupling between nanoparticles.  

2.4 Conclusion 

Solution-phase nanoparticles are commonly used as SERS substrates. Despite 

their extensive use in various applications, the ability to use solution-phase 

nanoparticles as quantifiable SERS substrates are limited by the inherent instability of 

the nanoparticles, the homogeneity (or lack thereof) of nanoparticle morphology, 

and/or unknown/unreported nanoparticle concentrations. Herein, nanoparticle 

aggregation, and as a result extinction and SERS spectral intensities, have been 

shown to be impacted by molecular surface coverage, a variable that depends on 

nanoparticle-molecule interactions, as well as on both nanoparticle surface area and 

plasmonic changes. By plotting extinction and SERS intensities as a function of both 

nanoparticle and 2-NT concentrations, correlated extinction and SERS intensities 

were observed at sub-monolayer surface coverages. Above this value, nanoparticles 

aggregated rapidly and uncontrollably when the molecule interacted with the 

nanoparticle surface, which induced electromagnetic coupling between nanostructures 

– a result that thereby led to relatively larger but unpredictable spectral intensities. 

These data indicate that relative nanoparticle surface area and molecular surface 

coverages are key parameters in evaluating both plasmonic and quantitative SERS 

assays. Further exploitation of these phenomena should lead to more predictable 

SERS signal for quantifiable molecular detection. 
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CHAPTER III 

PURIFICATION IMPLICATIONS ON SERS-ACTIVITY OF SILICA-

COATED GOLD NANOSPHERES 

3.1 Introduction 

Stabilization and isolation of metal nanoparticle cores are vital for the generation 

of reproducible solution-phase, surface-enhanced Raman scattering (SERS) substrates 

and quantitative measurements. Metal nanoparticle stability was previously promoted 

using core@shell nanostructures where the shell was composed of polymers 

(metal@polymer),[164] dendrimers (metal@dendrimer),[165] and silica 

(metal@SiO2).[4, 161, 167, 216] Silica, for instance, is a structurally versatile, 

biocompatible, and optically transparent protective material that can be subsequently 

modified with a variety of different chemical functionalities. Unfortunately, the SERS 

capabilities of these nanostructures are generally limited to uses that include silica-

entrapped SERS reporter molecules rather than direct SERS detection.[161, 177, 217] 

Nanoparticle uniformity is important for generating quantitative SERS data, but 

despite synthetic improvements,[218] most solution-phase nanoparticle preparations 

yield some degree of heterogeneity. This heterogeneity causes variations in the 

resulting chemical and physical properties of the nanomaterials. This lack of “quality 

control” leads to poor application reproducibility. For instance, slight variations in 

nanoparticle shape, size, and/or cluster distribution results in different SERS 

activities.[11, 156, 219, 220] In order for solution-phase SERS substrates to become 

part of a widely used quantitative technique, methods that either improves the 
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synthesis or substrate purity post-synthesis are needed so that structure–function 

relationships can be developed and exploited. 

Previously, diafiltration,[221] centrifugation,[221-225] or chromatographic 

techniques[223, 226-232] was used to improve the quality of nanostructures post-

synthesis. For instance, analytical ultracentrifugation of silica-coated gold 

nanoparticles and/or clusters separate these SERS-active nanostructures as a function 

of size (i.e., sedimentation coefficient).[233] Improvements in nanostructure 

uniformity in each fraction led to more consistent SERS activity. While this and other 

techniques offered some degree of purification in nanomaterial shape and size, high 

concentrations of salt and/or surfactants are often used to improve the purification 

method. Surfactants, for example, are extremely difficult to remove from 

surfaces,[234] and as a result, can change nanoparticle surface chemistry and reduce 

the SERS activity of a nanostructure thereby compromising structure-function 

evaluation. 

Herein, hydrophobic interaction chromatography was used to process and purify 

silica-coated gold (Au@SiO2) nanoparticles. Silica shell thickness on the gold 

nanoparticle cores was varied from 1.7 – 14.5 nm. The electromagnetic stability of 

the metal cores and SERS activity enhanced by the nanostructures were evaluated as 

a function of both silica shell thickness and method of post-synthesis purification 

(centrifugation and washing with and without chromatographic purification). 

Importantly, the electromagnetic stability of the gold cores was improved and 

variations in SERS activity were eliminated upon implementing the extra 

chromatographic quality control step. After chromatographic purification, SERS 
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activity was only observed for gold nanoparticles stabilized in silica shells thinner 

than 2 nm. These results are expected to depend on the inherent plasmonic properties 

of the metal cores and SERS excitation wavelengths. In all cases, this post-synthesis 

step could provide an easily implemented opportunity for improving the quality 

control and thereby reproducibility of resulting SERS measurements when solution-

phase substrates are utilized and quantitative detection is targeted.  

3.2 Experimental Methods 

3.2.1 Chemicals 

Gold (III) chloride trihydrate, sodium citrate dehydrate, amberlite MB-150 mixed 

bed exchange resin, (3-aminopropyl)trimethoxysilane (APTMS), tetraethyl 

orthosilicate (TEOS), sodium chloride (NaCl), sodium trisilicate (27%), 2-

naphthalenethiol (2-NT), and tetraethyl orthosilicate were purchased from Sigma (St. 

Louis, MO). Ethanol, ammonium hydroxide (NH4OH), hydrochloric acid (HCl), and 

nitric acid (HNO3) were purchased from Fisher Scientific (Pittsburgh, PA). Ultrapure 

water (18.2 MΩ∙Cm
-1

) was obtained using a Nanopure System from Barnstead 

(Dubuque, IA). For all experiments, glassware was cleaned with aqua regia (3:1 

HCl/HNO3), rinsed thoroughly with ultrapure water, and oven (glass) or air (plastic) 

dried overnight before use.  

3.2.2 Microporous Silica-Coated Gold Nanoparticles Synthesis  

Silica-coated gold (Au@SiO2) nanoparticles were synthesized via a modified 

Stöber method.[161, 167, 235-237] First, gold nanoparticles were synthesized using 

well-established citrate reduction techniques[156, 161, 202, 213] and coated with 

varying silica shell thicknesses by modifying the sodium silicate concentration.[161, 
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167, 237] Briefly, 150 mL of the gold nanoparticle stock solution was diluted with 

150 mL of water. Amberlite resin was added to the diluted gold nanoparticles to 

reduce the ionic strength of the solution. The amberlite resin was then removed from 

the nanoparticle solution by filtration. The pH of the nanoparticle solution was 

adjusted to 5 using 1 M HCl. Next, the nanoparticle solution was divided into 6 

samples of 50 mL each. The nanoparticle surfaces were made vitreophilic via the 

addition of 1 mM APTMS to obtain 75% surface coverage. After 15 minutes, a 2.7 % 

sodium silicate solution of different concentrations was added to each sample flask to 

obtain various silica shell thicknesses, and the mixture was stirred for 24 hours. To 

induce the precipitation of unreacted silica, the mixture was added to a final ratio of 

1:4.4 water/ethanol. After 6 hours, the silica shells were thickened by adding a 1:1 

concentration ratio of TEOS/1 mM APTMS at a high pH (~11.0). The pH was 

adjusted with concentrated ammonium hydroxide. After 16 hours of incubation time, 

the reaction was stopped and washed 3 times with ethanol to decrease the solution pH 

to 7. This step was followed by another 3 washes with water to remove ethanol using 

centrifugation (30 min, 10 000 rpm). 

3.2.3 Silica-Coated Gold Nanoparticle Purification 

A portion of each composite nanoparticle solution was carefully purified to 

remove uncoated or partially silica-coated nanoparticles using hydrophobic 

interaction chromatography. The column was packed with slurry of Sephadex-G50 

prepared in a 75:25 ration of water/ethanol. This column matrix is composed of a 

long chain of hydrophobic dextran molecules and is typically used to separate small 

molecules based on their hydrophobic interaction with the stationary phase (column 
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matrix). The column was equilibrated using ultrapure water prior to sample 

purification to remove ethanol. Next, 2 mL of 15 nM Au@SiO2 nanospheres were 

added to the Sephadex-G50 column. Because the bare or partially-coated gold 

nanoparticles present in the sample are hydrophobic, they interact with the column 

matrix very tightly or are retained by the column matrix. However, fully coated 

Au@SiO2 nanoparticles, which are less hydrophobic in nature, are eluted from the 

column matrix. These purified nanostructures were redispersed in water. The 

concentration of the purified Au@SiO2 nanoparticle solutions was calculated using 

LSPR spectroscopy and an assumed extinction coefficient (ε520nm ) of 2 × 108 M
-1

 

·cm
-1

 for future measurements.[214]  

3.2.4 Transmission Electron Microscopy (TEM) 

TEM was performed using a JEOL JEM-1230 microscope equipped with a Gatan 

CCD camera. Samples were prepared on 400 mesh copper grids coated with a thin 

film of Formvar and carbon (Ted Pella). The solution (~50 μL) was pipetted onto a 

grid and promptly drained using filter paper. At least 300 nanoparticles (N) were 

analyzed using Image Pro Analyzer 6.1 (Media Cybernetics) to estimate the mean 

nanoparticle diameter. Propagated error in the nanoparticle surface area is estimated 

from TEM data. 

3.2.5 Sample Preparation 

Four nM of centrifuge-purified and chromatographic-purified Au@SiO2 

nanospheres were incubated in 100 mM NaCl for 0, 1, and 12 hours, respectively. A 

LSPR spectrum was collected for each sample to make sure that nanostructures were 

stable after chromatographic purification. For the direct SERS detection of 2-NT, 50 
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µM 2-NT solutions were prepared in water from a 2.65 mM 2-NT stock in ethanol. 

After the addition of 10 µM of 2-NT and 4.0 nM 0f Au@SiO2 nanoparticles into a 

Raman vial, the mixture was vortexed for 3 to 5 seconds, and SERS spectra were 

collected for 1 hour at one every 60 seconds. Silica-coated gold (Au@SiO2) 

nanoparticle concentration was estimated[214] via extinction spectroscopy using an 

extinction coefficient (520nm) = 2 x 10
8
 M

-1
·cm

-1
.  

3.2.6 Extinction Spectroscopy 

Localized surface plasmon resonance (LSPR) spectra were collected using a 1.0 

cm path length disposable cuvette sample holder and an ultraviolet-visible (UV-vis) 

spectrometer (Ocean Optics USB4000). All spectra were smoothed, and the area 

under the curve from 650 to 850 nm was estimated.  

3.2.7 SERS Spectroscopy 

SERS spectra were collected near the base of a 0.7 cm path length Raman vial 

using an Advantage 200A Raman spectrometer (DeltaNu) and the following 

parameters: excitation wavelength (λex) = 632.8 nm, integration time (tint) = 60 s, and 

laser power (P) = 2 mW. All spectra were background corrected using samples that 

contained only nanoparticles (no 2-NT) and MatLab R2013a (Math Works). Only 

spectral intensities greater than 3 times the spectral noise were used in analysis. 

Spectral noise was estimated as the standard deviation of the baseline from 1900 – 

1700 cm
-1

. 
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 3.3 Results and Discussion 

3.3.1 Synthesis and Characterization of Centrifuge Purified Au Nanospheres 

Encapsulated with Various Silica Shell Thicknesses 

The SERS effect exhibits a well-known distance dependence relationship between 

the nanostructured surface and Raman chromophore, which depends on both 

chemical and electromagnetic effects.[119, 178, 238-241] Several theoretical models 

were previously used to describe quantitatively the relationship between Raman 

intensity and the surface-molecule distance raised to the negative 10 power (distance
-

10
) dependence.[119, 242, 243] To control this distance for SERS detection on 

spherical nanospheres, various silica shell thicknesses are grown on solution-phase 

gold nanoparticles. Silica-stabilized gold (Au@SiO2) nanoparticles[161, 167] are 

synthesized in a three-step process. First, the gold nanoparticles (d = 12.0 ± 1.3 nm) 

are made vitreophilic using (3-aminopropyl) trimethoxysilane. Next, 0.4 – 0.9 mM 

sodium silicate is added to the nanoparticle solution to promote silica condensation. 

Finally, Stöber growth is facilitated by adding ethanol and tetraethyl orthosilicate in 

pH 11. Following preparation, the nanostructures are rinsed at least three times with 

ethanol and water. The samples are centrifuged at 12,280 xg and redispersed to 

known concentrations using previously described methods.[161]  

A summary of the resulting silica-coated gold (Au@SiO2) nanoparticles is shown 

in Figure 3.1. TEM images reveal that the silica shell thickness can be systematically 

increased by varying the moles of silica added during shell growth. Two interesting 

observations are noted. First, as sodium silicate concentration increases, the average 

silica shell thickness (T ± propagated error) increases. For instance, the silica shell 
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Figure 3.1 Representative TEM images of Au nanoparticles (core diameter (d) = 

12.0 ± 1.3 nm) encapsulated in silica shells with thicknesses (T) of (A) 1.7 ± 1.1 

nm, (B) 2.3 ± 1.2 nm, (C) 4.2 ± 1.2 nm, and (D) 14.5 ± 2.2 nm. Samples were 

rinsed and centrifuged prior to analysis. At least 300 nanoparticles were analyzed. 

The 100 nm × 100 nm insets in panels A−C reveal evidence of silica shell defects 

(uncoated and/or partially coated gold surfaces). 
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thickness increases from 1.7 ± 1.1, 2.3 ± 1.2, 4.2 ± 1.2, and 14.5 ± 2.2 nm in Figures 

3.1A, 3.1B, 3.1C, and 3.1D, respectively. The changes in silica shell thickness are 

within 2% of the expected silica shell growth according to the model first developed 

by Liz-Marzán.[167] Second, each silica-coated nanoparticle sample contains a small 

population of bare and/or partially silica-coated gold nanoparticles, as well as free 

silica particles (see Figure 3.1A-C insets and 3.1D). These structural “defects” are 

consistent with that reported in the literature,[244, 245] but are difficult to control, 

quantify, and/or reproduce in replicate syntheses. 

Evidence of bare and/or partially coated nanostructures is directly observed using 

LSPR spectroscopy. The LSPR properties of gold nanospheres respond predictably 

and systematically vary to changes in local dielectric environment[22, 246] and 

degree of flocculation.[32, 247, 248] To evaluate the electromagnetic stability of the 

silica-encapsulated gold nanospheres, 4 nM Au@SiO2 nanoparticle solutions were 

incubated in 100 mM NaCl solutions. The salt solution should induce either 

agglomeration for fully coated gold nanoparticle cores or aggregation for 

partially/uncoated cores, resulting in reversible or non-reversible changes in the 

optical properties, respectively.  

Figure 3.2 contains representative LSPR data for Au@SiO2 nanoparticles coated 

in 1.7 nm thick silica shells. In general, similar trends were observed for most 

Au@SiO2 nanoparticle samples (data not shown), but were greatest for gold 

nanoparticles protected in less than 5 nm thick silica shells. As seen in Figure 3.2A, 

these “washed” Au@SiO2 nanoparticle samples exhibit an extinction (i.e., sum of 

absorption and scattering) maximum wavelength (λmax) of 531.1 nm, a value 
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Figure 3.2 LSPR spectra for washed 4 nM Au@SiO2 nanoparticles (T = 1.7 nm) 

incubated with 100 mM NaCl for (A) 0 (λmax = 531.1 nm, A650-850 = 1.0), (B) 1 

(λmax = 554.1 nm, A650-850 = 2.3), and (C) 12 (λmax = 621.6 nm, A650-850 = 5.4) 

hours (sample was vortexed). The photographs reveal a blue-colored solution after 

12 hours, which indicates nanoparticle aggregation. 
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consistent with electromagnetically isolated gold nanoparticles coated in a thin silica 

shell. To quantify spectral changes more sensitive to flocculation, the LSPR spectra 

were integrated from 650 to 850 nm. These flocculation values were normalized by 

dividing the raw integrated areas by that for the starting material (A650-850).  

Upon the addition of salt to the nanoparticle solution, changes in LSPR 

wavelengths, extinction magnitudes, line widths, integrated area, and apparent colors 

are observed. For example, the λmax shifts to 554.1 nm, and the normalized integrated 

area increased to 2.3 after a 1 hour incubation period (Figure 3.2B). After 12 hours, 

the sample was vortexed. While a small fraction of the nanoparticles was redispersed 

into solution, most of the material remained at the bottom of the cuvette. Analysis of 

LSPR spectra resulted in a λmax of 621.6 nm and an integrated area of 5.35 (Figure 

3.2C). Furthermore, the solution turned blue (see in Figure 3.2 inset). These 

irreversible electromagnetic observations indicate that the gold nanoparticle cores are 

undergoing electromagnetic coupling at short distances and forming large aggregates.  

3.3.2 SERS Spectral Responses as a Function of Silica Shell Thicknesses Using 

Centrifuge Purified Silica-Coated Gold Nanospheres  

The slight structural and surface defects in the Au@SiO2 nanoparticle shells 

observed in TEM images shown in Figure 3.1 are important in determining the 

properties and function of these nanoparticles in a variety of applications, including 

SERS. Previously, SERS intensities were shown to depend on the distance between 

the metal surface and adsorbate.[119] These signals arise from charge transfer 

between Raman-active molecules and the metal surface, as well as nanoparticles’ 

electromagnetic properties. In general, SERS intensities follow ~distance
-10

 but are 
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difficult to control/predict when using solution-phase nanoparticles because of slight 

differences in materials syntheses,[249-251] inherent instabilities of the 

nanostructures upon molecular addition,[156, 162, 251, 252] and surface chemistry 

defects, including pinholes and edge sites.[238, 242] 

To evaluate the impact that structural/surface defects exhibit on the distance 

dependence of SERS intensities, 4 nM Au@SiO2 nanoparticle and 10 µM 2-

naphthalenethiol solutions were vortexed and allowed to incubate for 1 hour. This 

molecule was selected because of its thiol group to facilitate binding to bare gold 

surfaces, if present. Representative SERS spectra are shown for the gold 

nanoparticles stabilized in various silica shell thicknesses (Figure 3.3A). As expected, 

SERS intensities for all molecular vibration frequencies decrease as the silica shell 

thickness increases (i.e., the distance between the gold surface and Raman 

chromophore). Because the silica shell is microporous (i.e, pore sizes less than 2 nm), 

molecular diffusion through the silica shells toward the metal cores is prohibited on 

the basis of size and charge screening.[253] Instead, SERS signal intensities (I) 

should exhibit trends that approximately follow the equation: 

1010

6

6
80

r

Tr
EI(T)


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

 


T
                      (3.1) 

where E is the maximum theoretical signal enhancement for a gold nanosphere 

(~80),[254] r is the nanoparticle radius of curvature (6 nm), and T is the distance 

between the metal surface and Raman chromophore (i.e., silica shell thickness). 

Deviations from this model are well-documented in the literature,[119, 140, 238] 

and is true for these data as well. While the general trend described by equation 3.1 is 

observed, the theoretical model underestimates the experimental findings, and 
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Figure 3.3 SERS analysis. (A) SERS spectra of 4 nM washed Au@SiO2 

nanoparticles encapsulated in T = (1) 1.7, (2) 2.3, (3) 3.0, (4) 4.2, and (5) 14.5 nm 

and incubated in 10 µM 2-naphthalenethiol in water for 1 hour. (B) SERS intensity 

for the 1380 cm
-1

 band of 2-naphthalenethiol as a function of silica shell thickness. 

Error bars represent statistical averages from at least 5 measurements, and average 

spectral noise is highlighted in gray. The solid line was calculated using equation 

1. SERS parameters were: λex = 632.8 nm, tint = 60 s, and P = 2 mW. 
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inconsistencies in nanoparticles with similar silica shell thickness are observed 

(Figure 3.3B). For instance, two Au@SiO2 nanoparticle samples were prepared with 

~4.5 nm silica shell thicknesses. While both samples exhibited SERS activities, their 

average magnitudes are drastically different (2.1 to 9.1 ADU·mW
-1

·s
-1

). Surprisingly, 

these two samples exhibit similar plasmonic properties and morphology. These 

conflicting results indicate that these two nanoparticle samples exhibit structural 

differences or “defect” nanoparticle populations. As shown in Figures 3.1 and 3.2, 

evidence of surface defects on the Au@SiO2 nanoparticles is present. If there were 

varying numbers of partially or uncoated gold nanoparticle cores in the samples, the 

inconsistent and somewhat-erratic ensemble-averaged SERS signal intensities could 

be rationalized. 

3.3.3 Implications of Chromatographic Column Purification on Au@SiO2 

Nanoparticles Morphology and Stability 

Because slight differences in preparation and/or storage methods can impact the 

resulting nanoparticle product, methods that improve the nanoparticle quality and 

purity post-synthesis are considered. LSPR spectral properties that depend on 

nanoparticle composition, size, shape, local dielectric environment, surface 

chemistry, and material stability[11] can be used to quantify and predict their 

function. Previously, changes in these parameters led to unexpected optical 

responses,[244, 245] thereby hindering solution-phase nanoparticle applications. To 

combat these limitations for solution-phase gold nanoparticles and to improve the 

uniformity of Au@SiO2 nanoparticle shell, a surface chemistry quality control step is 

applied post-synthesis. 
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Hydrophobic interaction chromatography, a standard analytical technique 

typically used to purify small molecules using a hydrophobic resin, is used to improve 

the quality of Au@SiO2 nanoparticles, post-synthesis. Bare and partially coated 

nanostructures should be retained by the chromatographic matrix because of their 

highly hydrophobic nature, while fully silica-coated gold nanospheres, which are less 

hydrophobic, should elute. To evaluate this hypothesis, a Sephadex-G50 column was 

packed (total volume = 2.7 mL, length = 5.0 cm) then rinsed with water to remove 

ethanol and to equilibrate the matrix (Figure 3.4A). Next, 2 mL of 15 nM Au@SiO2 

nanoparticle solution (in water) was added to the column dropwise (Figure 3.4B). 

Bare and partially coated nanoparticles adhere to the column matrix, allowing these 

unwanted materials to be successfully removed from the Au@SiO2 nanoparticle 

solution. Finally, the “purified” and slightly diluted nanoparticle sample elutes from 

the column and is rinsed prior to analysis (Figure 3.4C).  

After purification, the average nanoparticle diameter and silica shell thickness on 

the gold nanospheres were evaluated using TEM and compared to those before 

column purification. Representative TEM images of silica coated gold nanospheres 

after column purification are shown in Figure 3.5A-D. Importantly, the hydrophobic 

interaction column does not induce nanoparticles aggregation or morphology changes 

for silica-coated gold nanostructures. In comparison to these same nanoparticle 

samples before column purification (Figure 3.1), the average silica shell thickness 

increases slightly by 0 – 0.1 nm. As shown in Figure 3.5, the average silica shell 

thicknesses after and before (in parentheses) column purification are: 1.8 ± 1.0 (1.7 ± 

1.1), 2.4 ± 1.1 (2.3 ± 1.2), 4.3 ± 1.4 (4.2 ± 1.2), and 14.5 ± 2.7 (14.5 ± 2.2) nm. A t- 
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Figure 3.4 Schematic of hydrophobic interaction chromatography purification 

steps of Au@SiO2 nanoparticles: (A) column equilibration, (B) Au@SiO2 

nanoparticle loading, and (C) nanoparticle elution and recovery.  
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Figure 3.5 Representative TEM images of Au nanoparticles (d = 12.0 ± 1.3 nm) 

encapsulated in silica shells with thicknesses (T) of (A) 1.8 ± 1.0 nm, (B) 2.4 ± 1.1 

nm, (C) 4.3 ± 1.4 nm, and (D) 14.5± 2.7 nm after column purification. The 100 nm 

x 100 nm insets in panels A-C reveal no evidence of silica shell defects. 
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test was performed to evaluate statistical differences between silica shell thicknesses 

before and after column purification. For nanoparticles stabilized in more than a 4.5 

nm thick silica shells, no significant difference (to a 95% confidence level) in silica 

shell thickness is observed. The ~0.1 nm increase in silica shell thickness observed 

for all other samples likely arises from the removal of a small population of bare and 

partially coated nanostructures from solution via column purification (i.e., the 

relatively smaller, defect-containing nanoparticles were removed and the average 

nanoparticle size distribution increased). 

As with the traditionally washed nanoparticles, the optical stability of these 

solution-phase nanoparticles is evaluated using LSPR spectroscopy. LSPR spectra for 

Au@SiO2 nanoparticles (T = 1.8 nm) incubated in 100 mM NaCl are summarized in 

Figure 3.6. Before salt addition, the extinction maximum wavelength is centered at 

531.7 nm (Figure 3.6A). This value exhibits a 14.1 nm red-shift after being mixed and 

incubated in salt for 1 hour (Figure 3.6B). Similar to the centrifuged/washed 

nanoparticle sample, normalized flocculated area increases (to 2.6). In contrast to the 

first sample, sample agitation easily facilitates the redispersion of the nanoparticles 

back into solution. As shown in Figure 3.6C, the LSPR spectral properties of the 

nanoparticle sample after a 12 hour incubation period and stirring results in optical 

properties similar to that of the sample prior to salt addition. Importantly, the solution 

still retains a red color for at least 3 months, thereby further supporting an 

electromagnetically stable nanoparticle sample (Figure 3.6 inset), in contrast to the 

traditionally washed nanoparticle sample shown in Figure 3.2 inset.  
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Figure 3.6 LSPR spectra for 4 nM hydrophobic interaction chromatography 

purified Au@SiO2 nanoparticles (T = 1.8 nm) incubated with 100 mM NaCl for 

(A) 0 (λmax = 531.7 nm, A650-850 = 1.0), (B) 1 (λmax = 545.8 nm, A650-850 = 2.6), and 

(C) 12 (λmax = 533.1 nm, A650-850 = 1.2) hours (sample was vortexed). The 

photographs reveal a red-colored solution after 12 hours, thereby indicating no 

significant nanoparticle aggregation. Conditions are identical to those in Figure 

3.2. 
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3.3.4 Chromatographic Purification Effect on the Electromagnetic Distance-

Dependent SERS Model 

If the LSPR integrity of the nanoparticle sample improves upon column 

purification using hydrophobic interaction chromatography, then the SERS activity of 

these nanostructures should differ from that of the initially prepared materials. To 

evaluate the effect of hydrophobic interaction chromatography on the SERS effect, 10 

µM 2-naphthalenethiol was incubated with 4 nM Au@SiO2 nanoparticles with 

varying silica shell thicknesses for 1 hour. Representative SERS spectra are shown in 

Figure 3.7A. Importantly, solution and measurement conditions are identical to those 

used with nanoparticle samples that were washed using centrifugation techniques. 

Surprisingly, no SERS signals are observed for all Au@SiO2 nanoparticle 

samples with shell thicknesses greater than 2 nm (Figure 3.7B). The only SERS-

activity observed after passing the sample through the hydrophobic column is for the 

Au@SiO2 nanoparticle sample stabilized in 1.6 and 1.8 nm thick silica shells. 

However, the formation of thinner, yet complete, silica shells are difficult to prepare. 

The SERS activity from Au@SiO2 nanoparticles (T = 1.8 nm) before and after 

hydrophobic purification drops from 8.3 to 6.4 ADU·mW
-1

·sec
-1

 for 2-

naphthalenethiol (Figure 3.3A-1 vs. Figure 3.7A-1).  This 22% loss in SERS signal is 

hypothesized to arise from the removal of bare and/or partially coated gold 

nanoparticles in the column-purified samples, which arose from nanoparticle 

synthesis or during storage. 

The SERS signals observed from chromatographic column purified gold 

nanospheres are less intense than when using traditionally prepared samples 
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Figure 3.7 SERS analysis. (A) SERS spectra of 4 nM column-purified Au@SiO2 

nanoparticles encapsulated in T = (1) 1.8, (2) 2.4, (3) 3.1, (4) 4.3, and (5) 14.5 nm 

after incubated in 10 µM 2-naphthalenethiol in water for 1 hour. (B) SERS 

intensity for the 1380 cm
-1

 band of 2-naphthalenethiol as a function of silica shell 

thickness. Error bars represent statistical averages from at least 5 measurements, 

and average spectral noise is highlighted in gray. The solid line was calculated 

using equation 1. Conditions are identical to those in Figure 3.3. 
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(centrifugation only). This behavior can be attributed to the following: (1) 

electromagnetic coupling between metal nanoparticle cores is prohibited by the robust 

silica shells, which limits SERS enhancement; (2) SERS signals are known to 

decrease as the distance between the analyte and metal surface increases; and (3) 

short-range, charge-transfer interactions between the analyte and metal surface are 

prohibited by the complete silica shells (T > 2 nm). As a result, SERS signals from 

the Raman chromophore are only observed for 12 nm gold nanoparticles stabilized in 

less than 2 nm thick silica shells. 

3.4 Conclusion 

In conclusion, Au@SiO2 nanospheres were prepared with varying silica shell 

thicknesses and purified using traditional centrifugation, as well as steps with and 

without subsequent hydrophobic interaction chromatographic purification. Upon 

passing the nanoparticles through the column, bare gold and partially silica-coated 

gold nanostructures were retained on the column, while fully coated nanostructures 

were eluted and subsequently characterized. As a result of the extra purification step, 

SERS activity closely followed an electromagnetic distance-dependence model, and 

inconsistencies from sample-to-sample synthetic variations were eliminated. This 

simple chromatographic purification step added a surface chemistry quality control 

measure to nanoparticle preparation, which could be extended to other solution-phase 

nanoparticles for more predictable function in a variety of future applications such as 

molecular sensor and/or detection. 
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CHAPTER IV 

DEVELOPMENT OF A MORE ROBUST APPROACH FOR DESCRIBING 

INTERNAL ETCHING OF SILICA SURROUNDING GOLD NANOSPHERES 

4.1 Introduction 

Surface-enhanced Raman scattering (SERS) is a valuable technique in biology 

and chemistry because the detection of small molecules can be performed sensitively 

and without labels.[11, 94] Both normal Raman spectroscopy and SERS provide 

unique fingerprints of molecules, which depend on chemical and structural 

information. Although both methods provide similar information about a molecule, 

the signal observed from SERS is up to 9 orders of magnitude larger than that in a 

normal Raman spectrum. This enhancement depends on the direct interaction between 

the Raman-active chromophore and the metal nanoparticle surface, as well as the 

plasmonic properties of the metal nanoparticle.[61, 94, 115-117]  

As described in Chapter 2, spectral intensities can vary dramatically when 

solution-phase metal nanoparticles are used as SERS substrates.[156, 161, 162] When 

an analyte is added to a solution, the nanoparticles can undergo uncontrolled 

aggregation, which induces changes in their localized surface plasmon resonance 

(LSPR) properties.[4, 255] LSPR is an optical phenomenon[18, 20, 22, 34, 156] that 

is observed when a metal nanoparticle smaller than the wavelength of light interacts 

with electromagnetic radiation.[25, 27, 28, 65, 66] Certain radiation wavelengths can 

be selectively absorbed and scattered by the nanoparticle, which causes the 

conduction electrons in the metal nanostructures to oscillate collectively.[25, 37, 65-

67] Consequently, a strong extinction (i.e., sum of absorption and scattering) 
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spectrum arises,[11, 26, 28, 67] which depends on the nanoparticle size, shape, and 

local dielectric medium.[18, 49, 223, 256-272]  

  Because the LSPR spectrum of solution-phase nanoparticles depends on the 

local dielectric medium, and methods that prevent aggregation and undesired 

dielectric medium changes are necessary. For instance, metal nanostructures have 

been protected with robust materials, including microporous silica shells (with pore 

sizes < 2 nm) to form core@shell nanomaterials.[273] The silica shell prevented 

electromagnetic coupling between the metal cores, but the use of these silica-coated 

metal nanoparticles in SERS assays is limited. Because, the silica shell dictates the 

distance between the molecule and the metal surface, and SERS signals decrease 

rapidly as the silica shell thickness increases (as discussed in Chapter 3).[174, 176] 

To facilitate the use of metal@shell nanostructures in SERS applications, several 

research groups[4, 161] have synthesized internally etched metal@shell nanoparticles 

to promote molecular diffusion while maintaining the electromagnetic stability of the 

metal cores.[178, 274-278] For example, the formation of internally etched Au@SiO2 

nanospheres can occur in basic conditions, and etching was reported as a function of 

etching time. Because the etching reaction depends on many parameters, including 

solution agitation and temperature, as well as silica cross-linking and thickness, the 

time required to produce a reproducible degree of silica etching can vary from day to 

day and sample to sample (vide infra).  

In this chapter, shifts in the LSPR wavelength of internally etched silica-coated 

gold nanoparticles are shown to be a more reliable measure of silica etching vs. 

etching time. Internally etched Au@SiO2 nanostructures were synthesized using 
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LSPR wavelength shifts that relate to the local refractive index surrounding the gold 

cores. The refractive index sensitivity of the gold nanoparticles (m), the refractive 

index (RI) of the silica shell, and the characteristic electromagnetic field decay length 

(ld) of the metal cores were estimated using a previously reported model.[279] 

Preliminary data indicate that, as the extinction maximum wavelength blue-shifts and 

LSPR wavelength shifts are observed, SERS intensities for 4-aminobenzenethiol 

increase. The blue-shifts in the LSPR spectra suggest that the local dielectric 

environment surrounding the metals is decreasing as the silica near the metal core is 

replaced by a lower refractive index medium (water, silica, and/or 4-

aminobenzenethiol). Future studies will be performed that systematically correlate 

structural and spectroscopic data to semi-empirical LSPR models. The findings 

should result in more predictable materials design strategies and quantitative SERS 

detection platforms for small molecule detection.  

4.2 Experimental Methods 

4.2.1 Materials  

Gold (III) chloride trihydrate, sodium citrate dihydrate, Amberlite MB-150 mixed 

bed exchange resin, (3-aminopropyl) trimethoxysilane (APTMS), sodium chloride 

(NaCl), sodium trisilicate (27%), 4-aminobenzenethiol (4-ABT), and tetraethyl 

orthosilicate (TEOS) were purchased from Sigma (St. Louis, MO). Ethanol, 

ammonium hydroxide (NH4OH), hydrochloric acid (HCl), and nitric acid (HNO3) 

were purchased from Fisher Scientific (Pittsburgh, PA). Ultrapure water (18.2 

MΩ∙cm
-1

) was obtained from a Barnstead Nanopure System (Dubuque, IA) and used 

for all experiments. For all experiments, glassware was cleaned with aqua regia (3:1 
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HCl/HNO3), rinsed thoroughly with water, and oven (glass) or air (plastic) dried 

overnight before use.  

4.2.2 Internally Etched Silica-Coated Gold Nanoparticle Synthesis 

Internally etched silica-coated gold (IE Au@SiO2) nanospheres were synthesized 

in three steps. First, gold (Au) nanospheres were synthesized using the standard 

citrate reduction method.[4, 156, 161, 213] Second, gold nanoparticles were silica-

coated as previously reported.[4, 161, 167, 174, 237] Third, IE Au@SiO2 

nanospheres were synthesized by increasing the pH of the aqueous solution via the 

addition of concentrated NH4OH.[4, 161] Briefly, the pH of the Au@SiO2 

nanoparticle solution was increased to 11.0 by the addition of concentrated NH4OH to 

promote dissolution of the internal, low crossed-linked silica near the gold 

nanoparticle surface. During the etching process, the concentrations of Au@SiO2 

nanoparticles and NH4OH were 4.5 nM and ~1.5 M, respectively. Next, the solution 

was decreased to a pH of 4.0 using 100 mM HNO3. This acidification step stops the 

etching process by reducing the rate of silica dissolution. IE Au@SiO2 nanoparticle 

solutions were then purified using a packed Sephadex-G50 column (a slurry 

composed of a hydrophobic dextran gel).[174] The uncoated and/or partially coated 

gold nanoparticles were retained by the column matrix via hydrophobic interactions, 

while the less hydrophobic, fully silica-coated IE Au@SiO2 nanoparticles eluted from 

the column and were collected for subsequent use. The concentration of the Au 

nanospheres in solution was estimated via extinction spectroscopy (using an 

extinction coefficient of 13 nm bare gold nanoparticles (ε520nm  = 2 × 10
8
 M

-1
·cm

-1
) 

using the approach reported by Haiss et al.[214]  
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4.2.3 Transmission Electron Microscopy (TEM) 

TEM images were collected using a JEOL JEM-1230 microscope equipped with a 

Gatan CCD camera. Samples were prepared on 400 mesh copper grids coated with a 

thin film of Formvar and carbon (Ted Pella, Inc.). The nanoparticle solution (~50 μL) 

was pipetted onto the grid and promptly drained using filter paper. The mean 

diameter (d) of the nanospheres was determined from these data using Image Pro 

Analyzer 6.1 (Media-Cybernetics). At least 100 nanoparticles were analyzed for each 

nanoparticle sample. 

4.2.4 Extinction Spectroscopy and LSPR Wavelength Shift Modeling 

LSPR spectra were collected using a 1.0 cm path length disposable methacrylate 

cuvette and an ultraviolet-visible (UV-vis) spectrometer (Ocean Optics USB4000). 

To monitor the silica dissolution process, the samples were diluted in water to a final 

concentration of 4.5 nM IE Au@SiO2 nanoparticles, and the pH was adjusted to 11.0 

using concentrated NH4OH. Upon the addition of base to the nanoparticle solution, 

the sample was mixed using a pipette, and LSPR spectra were collected every 30 

seconds for 1 hour. The following parameters were used during data collections: 

integration time = 30 msec, average = 25 scans, and boxcar = 10. Spectral smoothing 

was performed using a 50 point adjacent averaging method, and the extinction 

maximum wavelengths (λmax) were determined from the zero-point crossing of the 

first derivative of each spectrum using MatLab R2013a (MathWorks).  

In order to track more accurately silica dissolution (rather than etching time), 

shifts in the extinction maximum wavelength (Δλmax) were used to estimate changes 

in the local refractive index near the gold nanoparticle cores. To understand these 
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spectral trends, the refractive index sensitivity (m) of the gold cores was estimated by 

incubating 3.5 nM citrate stabilized gold nanospheres in 0 – 85 % (w/v) sucrose 

solutions to change the refractive index of the bulk solution from 1.333 to 1.504.[280-

282] Extinction spectra were collected for each sample after a 50 minute incubation 

time, and the extinction maximum wavelength was determined for each sample using 

Mathcad 2001 Professional (Product & Service Advantage). The λmax values were 

then plotted as a function of known sucrose refractive indices.[256, 266, 283-287]  

Next, the refractive index of the silica shells and the characteristic 

electromagnetic field decay length of the gold cores were estimated using gold 

nanospheres coated with 3.0, 4.2, and 14.8 nm silica shells. The materials were 

incubated in the same sucrose concentrations described above, and the λmax obtained 

from each silica-coated gold nanoparticle sample was plotted as a function of the 

known sucrose refractive indices. 

To estimate these parameters, a fitting function is needed to fit all the data above, 

where dsilica = 0, 3.0, 4.2, 14.8 nm. According to Campbell, the λmax shift to changes in 

the bulk refractive index can be approximated as a linear function over a narrow 

range when the metal surface contains no adsorbed, and the equation is as 

follows:[51, 279] 

                            )(max,max,max watereffwaterbulk nnm                        (4.1) 

where ∆λmax is the LSPR wavelength shift response from the nanospheres in 0 to 85 

% (w/v) sucrose, m is the refractive index sensitivity of Au nanoparticles, neff is the 

effective refractive index of the bilayer structure shown in Figure 4.1 (layer 1 = silica 

and layer 2 = bulk solution), nwater is the refractive index of the bulk solution at 0 % 
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Figure 4.1 Schematic block diagram of a bilayer structure, that contains a silica 

layer coated directly on the gold metal nanoparticle of refractive index n
silica

 and 

thickness d
silica

. Above the silica layer is the bulk solution of refractive index n
bulk

. 

The Z-axis label from the surface of the Au nanosphere where z = 0 passes z = 

d
silica

 at the silica surface, though the bulk solution to infinity z = ∞.  
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(w/v) sucrose (water 1.333). The refractive index sensitivity factor could have been 

estimated by simple division: m = Δλmax/Δn; however, the calibration curve obtained 

for SPR response vs. bulk refractive index was not linear. To account for the 

curvature observed in the calibration curve, a low-order polynomial equation was 

formed by adding a second term “m2(neff – nwater)
2
” to Equation 4.1 above, which 

becomes:[279] 

       2

21max,max,max )()( watereffwatereffwaterbulk nnmnnm            (4.2) 

The effective refractive index of the bilayer structure in Figure 4.1 is obtained by 

integrating the distance-dependent local refractive index (n(z)) times the square of the 

local electromagnetic field (E(z)) from zero to infinity:[51, 279] 

                                                
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
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After carrying out the integration in Equation 4.3 using the bilayer structure 

(Figure 4.1) to determine the effective refractive index, neff was substituted in 

Equation 4.2 to form Equation 4.4, which is the function that is used to estimate the 

refractive index sensitivity, the characteristic decay length, and the refractive index of 

the silica: 

            
waterwaterdsilicasilicabulksilica
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nldnnnm

nldnnnm
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2

2

1

])/2exp()([(

])/2exp()([(




          (4.4) 

4.2.5 SERS Spectroscopy 

SERS signals were monitored ~0.1 cm from the base of the sample vial using an 

Advantage Raman spectrometer (Delta Nu). The following parameters were used: 
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excitation wavelength (λex) = 632.8 nm, integration time (tint) = 60 s, and laser power 

(P) = 2 mW. Each sample contained 4 nM IE Au@SiO2 nanoparticles and 10 µM 4-

aminobezenethiol (4-ABT) (final concentrations). A stock solution of 4-ABT (50 

µM) was prepared in water by diluting the 5 mM stock solution in ethanol. Upon the 

addition of 4-ABT to the nanoparticles, the mixture was vortexed for 5 seconds, and 

SERS spectra were collected every 60 seconds for 1 hour. All spectra were 

background-corrected using a control sample that contained only nanoparticles (no 4-

ABT). Noise was estimated using the standard deviation of the baseline from 1900–

1700 cm
-1

. Only spectral intensities greater than 3 times the noise were evaluated.  

4.3 Results and Discussion 

4.3.1 Experimental Determination of the Refractive Index 

Sensitivity of the Gold Nanoparticles, Silica Shell Refractive Index, and 

the Characteristic Electromagnetic Field Decay Length 

The LSPR wavelength of gold nanostructures depends on the local refractive 

index of the surrounding environment.[26-28, 156] Change in the local dielectric 

medium will shift the LSPR predictably; therefore, shifts in the extinction maximum 

wavelength (∆λmax) of metal nanoparticles can be used to experimentally determine 

the refractive index sensitivity of the gold nanoparticles to changes in local dielectric 

environment and the characteristic electromagnetic field decay length associated with 

the metal nanoparticles. Furthermore, information regarding the refractive index of 

surface layers can be estimated if structural information is known.  

To do this, a LSPR model that relates the wavelength shifts with the refractive 

index of the gold core surrounding medium is required. Jung et al. first developed a 
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model for planar surface plasmon resonance experiments in 1998.[279] Haes et al. 

adapted this model for use in LSPR spectroscopy in 2002;[288] such model is 

reported in Equation 4.4.  

To determine these important material characteristics, 3.5 nM Au, Au@SiO2 

coated with a 3.0 nm shell, Au@SiO2 nanoparticles encapsulated in a 4.2 nm silica 

shell, and Au@SiO2 nanoparticles encapsulated in a 14.8 nm silica shell were 

incubated in sucrose concentrations ranging from 0 – 85 %. Each sample was allowed 

to equilibrate for 50 minutes before LSPR measurements were collected. 

Both qualitative and quantitative differences are observed between LSPR spectra 

collected at various sucrose concentrations, as well as with different local 

environments (absence and varying silica shell thicknesses). For instance, Figures 

4.2A and 4.2B show the LSPR spectra for Au and Au@SiO2 nanoparticles 

encapsulated with the 3.0 nm silica shell after being incubated in (1) 0 %, (2) 20 %, 

(3) 40 %, (4) 60 %, and (5) 80 % (w/v) sucrose, respectively. The extinction for Au 

nanospheres in sucrose increases by ~200 mAU from 0 to 80 % (w/v) (1.333 - 

1.491);[289-291] whereas, Au@SiO2 encapsulated with the 3.0 nm SiO2 only 

increases by ~80 mAU. Because extinction increases with increasing dielectric 

environments, a greater change in extinction is expected for Au nanospheres vs. silica 

coated Au nanospheres. The overall wavelength shifts (λmax,85% - λmax,0%) for both 

samples increase with increasing sucrose concentration. The λmax for the gold 

nanospheres shift +8.4 nm vs. only +3.8 nm for the silica-coated gold nanoparticle 

sample. These results can be attributed to local refractive index changes near the gold 

core, which increased from 1.333 in water to 1.504 in 85 % (w/v) sucrose.[289-291]   
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Figure 4.2 LSPR spectra for 3.5 nM (A) citrate stabilized Au and (B) Au@SiO2 

nanoparticles encapsulated by 3 nm silica shells after incubating in 0 – 80 % (w/v) 

sucrose for 50 minutes. The extinction maximum wavelength (λmax) is marked by a 

dash line and red-shifts with increasing bulk refractive index. The inset magnifies 

spectra for Au and Au@SiO2 nanospheres incubated in (1) 0, (2) 20, (3) 40, (4) 60, 

and (5) 80 % (w/v) sucrose. The shifts in the λmax (λmax80 – λmax0) for Au and 

Au@SiO2 nanoparticles encapsulated in 3 nm silica shells are +8.4 and +3.8 nm, 

respectively. The extinction for Au nanospheres in sucrose increases by 0.197 from 

0 to 80 % (w/v) while Au@SiO2 coated with 3.0 nm SiO2 only increases by 0.080 

which is about 40 % extinction increased in comparison to bare gold nanoparticles.  
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To determine the refractive index sensitivity of the metal cores to local dielectric 

changes, λmax and Δλmax obtained from the LSPR spectra are plotted as a function of 

both known refractive index and concentration of sucrose in Figure 4.3. All data sets 

are fit using a polynomial parabola function. Both m1 and m2 are determined, where 

m2 is the refractive index sensitivity (m) for the sample, which is 55.7 (Figure 4.3A), 

38.8 (Figure 4.3B), 7.8 (Figure 4.3C), and -11.8 nm (Figure 4.3D). This value 

decreases as the silica shell thickness increases as more silica occupies the sensing  

volume near the metal surface.[288] The refractive index sensitivity of bare Au 

nanospheres (55.7 nm) was used for further analysis. 

Next, the refractive index of unetched silica can be directly estimated for all three 

silica-coated samples from Figure 4.3. The refractive index of the condensed silica 

shell is reported to the be the intersection at which silica-coated nanoparticles sample 

line  cross the citrate stabilized gold nanospheres line.[288] As shown in Figure 4.3, 

these refractive index of the silica shell are 1.513 (3.0 nm shell), 1.486 (4.2 nm shell), 

and 1.441 (14.8 nm shell), respectively. Assuming that the refractive index of 

(unetched) silica condensed on the gold nanoparticles is constant with increasing 

silica shell thickness, an average refractive index value is then calculated from 

Au@SiO2 nanospheres silica-coated with 3.0 and 4.2 nm shell.  The resulting number 

is 1.500 ± 0.019 which is reasonable in comparison to the range of refractive index 

reported (1.45–1.55) for amorphous silica.[167, 273, 292-295] Refractive index 

decreases with increasing silica shell thickness because the bulk solution dielectric 

constant does not affect the optical properties of the metal core. Au@SiO2 

nanospheres encapsulated in 14.8 nm silica shell data did not include in the estimation 
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Figure 4.3 Extinction maximum wavelength and LSPR wavelength shift for (A) 

Au nanoparticles, (B) Au@SiO2 nanospheres encapsulated with 3.0 nm SiO2 , (C) 

4.2 nm SiO2, and (D) 14.8 nm SiO2  as a function of known bulk refractive index. 

The data are fit using a polynomial curve, and the refractive index sensitivity of 

the gold core from all nanoparticle samples is 55.7, 38.8, 7.7, and -11.8 nm, 

respectively. The refractive index of the condensed silica can be estimated by 

averaging the refractive index at the intersection for all silica-coated lines, except 

Au@SiO2 nanospheres coated with 14.8 nm SiO2. The refractive index of the 

condense silica shell is 1.500.  
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of the silica refractive index because no significant change was observed in the LSPR 

wavelength as a function of sucrose concentration, indicating that the change in 

refractive index for this sample is 0. The extinction wavelength did not change for 

this sample because the silica shell is too thick and occupied the sensing volume near 

the gold core.  

Finally, to calculate the characteristic electromagnetic field decay length (ld) for 

the gold nanoparticles, these same data and Equation 4.4 are used. A decay length is 

estimated for each silica-coated sample, which is 2.3, 7.4, and 7.9 nm for Au@SiO2 

nanospheres encapsulated with 3.0, 4.2, and 14.8 nm silica shells, respectively. 

Because the extinction maximum wavelength of Au@SiO2 nanospheres coated with 

14.8 nm silica shell remains unchanged in various sucrose concentrations, the 

characteristic electromagnetic field decay length of the gold nanospheres is 4.9 nm an 

average number calculated from the two other silica coated samples. Previous 

theoretical results predicted a characteristic electromagnetic field decay length 

between 5 to 30 nm.[296-298] As a result, the model provides a reasonable estimation 

to describe these nanomaterials for etching experiments. 

4.3.2 Structural and Optical Analysis of Multiple IE Au@SiO2 Nanoparticle 

Samples after a 25 Minutes Etching Period 

Two independent syntheses of IE Au@SiO2 nanospheres were prepared to 

evaluate both the reproducibility of silica condensation and subsequent dissolution. 

First, silica condensation on the surface of gold nanospheres occurred via a modified 

Stöber method.[167, 174] Next, the Au@SiO2 nanoparticles were diluted to 4.5 nM 

and the solution pH was increased to 11.0 using concentrated NH4OH (final 
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concentration ~1.5 M). This etching reaction took place at room temperature (~70 ˚F) 

and without stirring. After 25 minutes, the etching reaction was stopped by acidifying 

the solution to pH 4 using 0.1 M HNO3.[4, 161] Next, the resulting nanostructures 

were purified via chromatography column prior to use, in order to remove partially 

and/or uncoated silica particles.[161, 174] 

Representative TEM images for each of the two independently synthesized IE 

Au@SiO2 nanoparticle samples are shown in Figure 4.4. Several observations can be 

made from image analysis. First, the diameter and particle counts of the composite 

particles are 44.3 ± 3.5 nm from 430 particles (Figure 4.4A) and 42.2 ± 4.9 nm from 

115 particles (Figure 4.4B). This result suggests that silica condensed uniformly in 

both samples. Next, the degree of internal silica dissolution observed is inconsistent 

in each sample, even though neutralization was constant when the three nanoparticle 

samples were internally etched. For instance, Figure 4.4A shows a more uniform 

degree of internal silica etching from nanoparticle to nanoparticle; whereas; Figure 

4.4B shows a more heterogeneous sample.  

The image contrast within a nanoparticle decreases from the gold core to etched 

silica (internal) in comparison to the background. The change in the image contrast is 

observed because each material (silica and gold) has a different electron density. For 

all materials, including silica, image contrast varies with material density. As internal 

silica etching increases, the silica matrix becomes less dense, causing the contrast of 

the etched silica to be more similar to the background; whereas, the silica membrane, 

which is denser, remains darker.  These data suggest that silica dissolution occurred 
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Figure 4.4 (A & B) Representative TEM images of two IE Au@SiO
2
 nanoparticle 

samples neutralized after 25 minutes etching. The total average mean diameters (d 

= ~44 nm) are similar for both samples. The degree of internal silica dissolution 

varies from sample to sample. (C) TEM micrograph of 56 nm by 56 nm single 

nanoparticle illustrates 5 of the extreme variations in the internal silica dissolution: 

(1) gold is in the center of the nanoparticle; (2) gold core is in the edge inside the 

silica membrane; (3) no gold core present, but internal silica etching; (4) no 

significant internal silica dissolution is observed; and (5) a packet of internal silica 

etching is observed on only one side of the gold core.  
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primarily in the internal silica layer located at the surface of the gold nanoparticles.[4, 

161]  

Another example of the heterogeneity observed in the contrast within 

nanoparticles is shown in Figure 4.4C. Figure 4.4C-1 shows that the gold core is in 

the center, while the gold core is observed at the edge inside the silica membrane in 

Figure 4.4C-2. Furthermore, a dense silica line that passes through the nanoparticle is 

observed in Figure 4.4C-1, which is the reason that the gold core is observed in the 

center. This result demonstrates that the internal silica is not fully dissolved. Figure 

4.4C-3, on the other hand, contains no gold core; yet internal silica dissolution is 

observed. This observation indicates that internal silica etching does not depend on 

the presence of the gold core, but rather on the cross-linking of the silica layer on the 

gold surface when compared to the external silica layer. No sign of internal silica 

etching is observed in Figure 4.4C-4; whereas, in Figure 4.4C-5, there is a packet of 

light etching on one side of the gold core. These results illustrate that the rate of 

etching varies from nanoparticle to nanoparticle within a sample, as well as with 

incubation time. It also shows that etching does not occur radially. Additionally, the 

differences in image contrast in the “etched” regions of the nanomaterials indicate 

changes in the local refractive index surrounding the metal cores. In an effort to 

evaluate the local dielectric environment surrounding the nanoparticles, 45 parallel 

etching reactions were carried out using Au@SiO2 nanoparticles, and LSPR spectra 

were collected every 30 seconds for 1 hour.  

An example of the etching profile for one representative etching experiment is 

shown in Figure 4.5A, where the λmax is plotted as a function of etching time. As 
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Figure 4.5 Monitoring silica etching during the fabrication of IE Au@SiO2 

nanoparticles: (A) an example of an etching profile as a function of etching time. 

The λmax values were determined from the LSPR spectra. Etching was performed 

without stirring at room temperature (70˚F). (B) Extinction spectra for (1) 

unetched, (2) 25 min internally etched, and (3) silica membrane-etched Au@SiO2 

nanospheres during silica dissolution. The extinction maximum wavelengths (λmax) 

of these samples centered at 527.4, 522.3, and 519.0 nm, respectively. The λmax 

blue-shift as etching progresses because the refractive index surrounding the gold 

core decreases (silica to water). 
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previously observed,[161] the extinction maximum wavelength of unetched 

Au@SiO2 nanoparticles (Figure 4.5A-1 and Figure 4.5B-1, λmax = 527.4 nm) initially 

blue-shifted with increasing etching time as the local dielectric environment 

decreased (Figure 4.5A-2 and Figure 4.5B-2, λmax = 522.3 nm). The extinction 

maximum wavelengths then reached a minimum, at which point silica etching was 

still occurring, but was not detectable using LSPR spectroscopy (Figure 4.5A-3 and 

Figure 4.5B-3, λmax = 519.0 nm).  

Significantly, the etching profile for all 45 samples followed similar qualitative 

trends; however, quantitative differences were observed. For instance, nanoparticles 

that were etched for 25 minutes possess a range of extinction maximum wavelengths 

(λmax) from 519.6 to 524.4 nm with an average of 522.0 ± 1.5 nm (N = 45). Figure 4.6 

shows that the λmax values follow a one-tailed Gaussian model with a center of mass 

centered at 523.1± 0.7 nm. 

Given the previously estimated refractive index sensitivity (55.7 nm) of the gold 

nanoparticles, a ± 1.5 nm shift in extinction maximum wavelengths would result 

when the local refractive index near the metal surface changes by ± 0.03. Slight 

variation in silica density and cross-linking lead to refractive index changes in the 

third decimal point. According to the CRC,[299] these optical data, combined with 

structural differences (TEM), indicate that etching time yields heterogeneously and 

inconsistently etched silica. 
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Figure 4.6 Histogram of the λ
max

 for 45 IE Au@SiO
2
 nanoparticle samples after 

being etched for 25 minutes. The average value of the λ
max

 obtained from a 

Gaussian curve of the data is 523.1 ± 0.7 nm. Experimental conditions: 4.5 nM 

Au@SiO
2
 nanoparticles, 1.5 M NH

4
OH solution (etchant), and 100 mM HNO

3
 

solution (quencher). 
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4.3.3 Modeling and Using LSPR Wavelength Shifts to Describe the Internal 

Etching of Silica-Coated Gold Nanospheres  

Because etching time yields significant differences in nanoparticle structure and 

because the refractive index sensitivity of the gold nanoparticles, the refractive index 

of the (unetched) silica shell encapsulating the gold nanoparticle cores, and the 

characteristic electromagnetic field decay length of the noble gold nanospheres can be 

estimated, shifts in LSPR wavelengths are expected to provide a more reliable 

description of particle morphology. The effective refractive index of the local 

environment can be estimated using a trilayer form of Equation 4.3 as follows:[51, 

279, 300, 301]   

                      
)/)(2exp()(

)/2exp()(

dsilicaetchsilicabulk

detchetchsilicaetcheff

lddnn

ldnnnn




                        (4.5)      

Following this equation, neff is substituted into Equation 4.2 to estimate the 

refractive index and the thickness of the etched space, which are labeled as netch and 

detch (internal), respectively. This is conducted using the following parameters: ∆λmax, 

the LSPR wavelength shift from before and after etching; m, the refractive index 

sensitivity (m1 = 205.2 nm and m2 = 55.7 nm) from bare gold nanoparticles; nsilica = 

1.545, the refractive index of unetched silica; nbulk = 1.333, the refractive index of the 

bulk medium, water; (detch + dsilica) = 14.8 nm, the total silica shell thickness prior to 

silica dissolution; and ld = 5.9 nm, the characteristic decay length. While a small 

amount of silica is etched from the silica exterior, the dielectric medium is well 

beyond the electromagnetic field decay length and should not impact this model. 

To evaluate this model, LSPR data were collected for 4.5 nM Au@SiO2 

nanoparticle solutions incubated in an etchant solution (1.5 M NH4OH) for 1 hour. 
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LSPR wavelengths were monitored for the duration of the experiment using 

extinction spectroscopy, and shifted wavelengths were calculated using water as the 

initial dielectric medium. As previously reported, the λmax blue-shifts as etching 

progresses and larger ∆λmax are observed. Using the trilayer model from Equation 4.5, 

effective local refractive indexes can be estimated and should yield more uniformly 

etched silica shells and similar LSPR spectra.  

To verify the reproducibility of this new procedure, several etching experiments 

were carried out using Au@SiO2 nanoparticles with similar initial λmax and silica shell 

thicknesses. Silica dissolution was stopped after the λmax blue-shifted by ~6.0 nm. The 

LSPR wavelength was monitored during the etching via a UV-vis spectroscopy. 

Representative TEM images and LSPR spectra for 3 samples are shown in Figure 4.7. 

In contrast to the TEM images shown in Figure 4.1, which etched for the same period 

of time, the images shown in Figure 4.7A are uniformly etched from sample to 

sample. This is evident from similar silica contrast at the “inner” and “outer” silica 

locations. The average diameter and particle counts for each of the samples are 41.1 ± 

3.4 nm from 105 particles, 41.6 ± 5.2 nm from 111 nanoparticles, and 41.2 ± 5.2 nm 

from 119 particles.   

 LSPR spectra provide more quantitative information regarding the local 

environment surrounding the metal surface. As shown in Figure 4.7B, extinction 

maximum wavelengths were centered at 520.1, 520.5, and 520.6 nm with Δλmax equal 

to -6.0, -5.6, and -5.5 nm, respectively. The differences in LSPR shifts likely arise 

from slight inconsistencies in how quickly silica dissolution was stopped. As a result, 
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Figure 4.7 (A) Representative TEM images of three IE Au@SiO2 nanoparticle 

samples fabricated under the same conditions with similar initial λmax (~526 nm) 

and mean diameters (~40 nm). The degree of internal silica dissolution appears 

consistent from sample to sample. (B) Normalized LSPR spectra of 4 nM IE 

Au@SiO2 nanospheres. All observed LSPR wavelengths are centered at ~520.4 

nm. The variation measured from these samples is less than ± 1.0 nm. 
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Figure 4.8 (A) Representative TEM images and (B) SERS spectra of IE Au@SiO2 

nanospheres at different Δλmax (1) 0.0, (2) 4.1, and (3) 6.4 nm. The observed 

vibrational modes of 4-ABT are labeled: CH bending at 1081 cm
-1

 and ring 

stretching at 1594 cm
-1

. Spectral noise was estimated as the standard deviation 

ranging from 1900 – 1700 cm
-1

 in each spectrum.  
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these slight differences likely arise from small differences in the effective local 

refractive index near the metal surface which could contain both water and/or silica. 

4.3.4 Implications of Effective Refractive Index Surrounding Au@SiO2 

Nanoparticles on SERS Detection of 4-Aminobenzenethiol 

To evaluate how varying the effective refractive index near the gold core impacts 

the SERS detection of small molecules, 4.5 nM IE Au@SiO2 nanoparticles were 

incubated with 10 µM 4-ABT for 1 hour. This molecule was selected because it has 

high affinity for the gold core and is smaller than the ~2 nm pores in the microporous 

silica membrane.[273] Three internally etched samples with Δλmax values of 0.0, - 4.1, 

and - 6.4 nm were used. SERS signals are hypothesized to increase in samples with 

larger (blue) wavelength shifts, and as a result, decreasing local effective refractive 

indexes are used. Figure 4.8 shows the SERS spectra and corresponding TEM images 

for these three IE Au@SiO2 nanosphere samples. The trends follow the expectation in 

a qualitative fashion. Two vibrational modes (ring stretching (1594 cm
-1

) and C-H 

bending (1081 cm
-1

))[302] are observed for 4-ABT for the two internally etched 

samples. Further experiments are needed to understand the intensity differences, such 

as SERS intensity response as a function of extinction maximum wavelength shift. 

4.4 Conclusions 

In summary, the present study demonstrates that shifts in the LSPR wavelengths 

of silica-coated gold nanoparticles are a better indicator of the degree of silica 

dissolution vs. the previously reported etching time. The extinction maximum 

wavelength is varied by 4.8 nm when etching time is used to follow etching; whereas, 

~ 0.5 nm variation is observed when spectral changes are used. Preliminary SERS 
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studies and the use of a dielectric model indicate that shifts in the LSPR spectra 

provide correlated information regarding the effective local refractive index near the 

metal surface. Further utilization of this new protocol will lead to greater 

predictability in the quantitative direct SERS response of small molecules.  
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CHAPTER V 

CONCLUSIONS AND FUTURE DIRECTIONS 

5.1 Conclusions 

In summary, the findings presented in this thesis include the synthesis and 

characterization of gold nanospheres, silica-coated gold nanospheres, and internally 

etched, silica-coated gold nanospheres for the qualitative and quantitative SERS 

detection of small molecules. The methods used and the results reported from these 

studies can be applied to future work toward understanding the mechanism of passive 

molecular transport through silica membranes for SERS detection. Additionally, these 

findings should facilitate a better understanding of the mechanism of SERS-active 

substrates in applications such as environmental and biological detection.  

Chapter 1 reviewed the mechanisms and importance of LSPS, Raman, and SERS 

spectroscopies. These methods are important for monitoring the stability of 

nanoparticles and for identifying target molecules in water or on metal nanoparticle 

surfaces, respectively. The small/tunable sizes, core-composition variations, and 

diverse surface chemistries of nanomaterials can be exploited, but they are limited by 

large surface energies. These large surface energies can destabilize the materials, and 

can lead to aggregation, which results in irreproducible SERS signals.  

In Chapter 2, citrate-stabilized gold nanosphere concentration and stability upon 

functionalization with 2-naphthalenethiol were monitored using simultaneous LSPR 

and SERS measurements. Extinction and SERS spectral intensities were plotted for 

various nanoparticle and analyte concentrations, where the molecular concentration 

ranged from sub-monolayer to more than a monolayer. At sub-monolayer surface 
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coverages, the extinction and SERS intensities increased linearly, but above this 

value, nanoparticles aggregated uncontrollably. This uncontrolled aggregation was 

attributed to molecules displacing the stabilizing citrate molecules from the gold 

surface. This, in turn, induced nanoparticle aggregation, which caused 

electromagnetic coupling between the metal cores and nanoparticle sedimentation. 

These results suggest that control over nanoparticle concentration and molecular 

surface coverage is crucial for both plasmonic and SERS studies, which should lead 

to more reproducible SERS detection. 

In Chapter 3, a post-synthesis quality-control step was implemented with respect 

to silica-coated gold (Au@SiO2) nanospheres in order to reduce the variation in 

distance-dependent SERS responses. Gold nanospheres were encapsulated in various 

silica shell thicknesses, and all samples were purified using the traditional 

centrifugation step. Next, a portion of each sample was further purified by passing 

through a chromatographic column. The structures, stability, and SERS responses 

from both unpurified (centrifugation alone) and purified (centrifugation, plus 

chromatographic column) Au@SiO2 nanosphere samples were evaluated. These 

results confirmed that uncoated and/or partially coated gold nanospheres were 

retained by the column matrix, while only fully coated nanoparticles were eluted and 

recovered. The SERS intensity of 2-naphthalenethiol from column-purified samples 

followed the well-known SERS distance-dependence model. This chromatographic 

purification-step improved the homogeneity of the samples and should be applicable 

to other solution-phase nanoparticles for more predictable functioning in future 

applications. 
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Chapter 4 focused on the fabrication and modeling of internally etched silica-

coated gold (IE Au@SiO2) nanospheres for SERS measurements of a small molecule. 

The formation of IE Au@SiO2 nanospheres were monitored in situ by measuring 

LSPR wavelength shifts instead of the previously reported etching time. Preliminary 

SERS studies and the use of a dielectric model suggest that shifts in the extinction 

spectra can be correlated to effective local refractive index changes near the gold 

core. Further exploitation of LSPR monitoring will lead to greater predictability in the 

quantitative direct SERS-response of small molecules in biological and 

environmental applications.  

Appendix 1 demonstrated that internally etched silica-coated gold (IE Au@SiO2) 

nanospheres can be synthesized with various degrees of internal silica etching by 

increasing the time at which silica dissolution was stopped. This study was completed 

to determine the optimal internal silica-etching of (IE Au@SiO2) nanospheres for 

predictable SERS measurements. The second appendix focused on troubleshooting 

steps for silica condensation on gold nanoparticle surfaces, as well as for the reverse 

reaction (etching). This troubleshooting guide should be useful for those who are 

trying to repeat these reactions. The third appendix included preliminary studies for 

investigating how ionic strength, pH, and polarity of the solution each impact the 

SERS detection of small molecules using internally etched silica-coated gold 

nanospheres. These studies could be used as a guide for future investigations, which 

could assist with understanding how small molecules diffuse through the silica shell 

and toward the metal core prior to SERS detection. 
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5.2 Future Directions 

It is likely that the use of internally etched silica-coated nanospheres in SERS 

detection applications will expand in the future as a direct result of the improvements 

described in this thesis. First, the amount of internal silica-etching should be 

optimized for the highest SERS signal. This study can be accomplished by designing 

an experiment to evaluate the SERS response of a single analyte as a function of 

extinction-maximum wavelength shift. Once the SERS-active substrates that induce 

the highest SERS intensity of a target molecule are obtained, the solution conditions 

(ionic strength, pH, and polarity) can be varied using citrate bis-tris propane [CBTP] 

with a pH ranging from 2.5 to 9.5. It is important that a buffer be used to maintain 

consistent pH for the duration of each study. Next, passive molecular transport can be 

modulated using ionic strength variations. This experiment is important, because 

increasing ionic strength should increase the size of the micropores in the silica 

membrane for increase molecular transport.  

Next, while maintaining the chosen ionic strength, the pH of the solution should 

be varied in an attempt to change the charge of the target molecule. During this study, 

the surface charge of the stationary phase (SERS-active substrates) should be 

maintained, as the pH of the solution will always be above the isoelectric point of the 

silica (2 – 3). The charge of the target molecules, however, will vary from positive, to 

neutral, to negative based on the isoelectric point of the molecules and the pKa of the 

substituents. As a result of this variation in charge, the SERS response should follow 

a Gaussian curve. As positively charged molecules are expected to interact with the 

silica surface, which is negatively charged, instead of diffusing through the silica 
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membrane, no SERS signal should be observed. Neutrally charged molecules, on the 

other hand, should be passively transported through the silica membrane, allowing for 

a SERS signal to be observed. This is because only small, negatively charged analytes 

should be transported through the silica shell and detected using SERS. Preliminary 

studies in Appendix 2 support this hypothesis.  

Finally, while maintaining the optimal ionic strength and pH, the polarity of the 

sample may be varied (i.e., by increasing the amount of ethanol in an aqueous 

solution). SERS signal intensities should increase if molecular solubility increases. 

Preliminary experiments support this expectation. Moreover, the pH can be increased 

even higher than 8.5 because silica dissolution will not occur in ethanol.  

In summary, future studies could be carried out using IE Au@SiO2 nanospheres 

for the reproducible and quantitative SERS-detection of small, biologically and 

chemically important molecules. Each analyte in the mixture should have a unique 

Raman band for identification. The advances in nanomaterial synthesis and 

purification that were described in this thesis could then be used to solve important 

environmental and medical problems where nanomaterial stability and signal 

enhancement are needed. 
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APPENDIX A 

INTERNALLY ETCHED SILICA-COATED GOLD NANOSPHERES 

SYNTHESIS AND TROUBLESHOOTING OF SILICA CONDENSATION ON 

GOLD NANOSPHERES  

A.1 Introduction 

Here the goal was to determine the optimal internally etched silica-coated gold 

(IE Au@SiO2) nanospheres that produce the largest SERS signal intensity of the 

target analyte, which encapsulates the gold core with a complete silica membrane of 

thickness around 4 nm. To complete this study, several IE Au@SiO2 nanospheres 

were synthesized using previously reported procedure.[161] Each IE Au@SiO2 

nanosphere sample was quenched at a different time with a concentrated HCl solution 

to obtain nanostructures with various degrees of internal silica etching and a final pH 

of 4. The composite nanomaterials were washed with nanopure water to increase the 

pH and purified via column chromatography. The morphology, the stability of IE 

Au@SiO2 nanospheres and the SERS-activity of 2-naphthalenethiol (2-NT) using IE 

Au@SiO2 nanostructures substrates were compared.  

A.2 Synthesis and LSPR Analysis of IE Au@SiO2 Nanospheres 

IE Au@SiO2 nanoparticles were synthesized by monitoring the etching time, a 

method that was first reported by Roca et al. in 2008.[161] Several degrees of IE 

Au@SiO2 nanospheres were fabricated by varying the time at which the solution was 

neutralized. After purifying each IE Au@SiO2 nanoparticle sample, a LSPR spectrum 

was collected and analyzed using 4 nM IE Au@SiO2 nanospheres in water. The 

LSPR spectra are shown in Figure A.1. As expected, the extinction maximum 
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Figure A.1 LSPR spectra and extinction maximum wavelength for IE Au@SiO
2
 

nanospheres quenched after (1) 0 (527.7 nm), (2) 5 (527.1 nm), (3) 15 (525.7 nm), 

(4) 25 (523.3 nm), and (5) 35 (522.1 nm) minutes etching. All LSPR spectra were 

smooth using Matcad (10 points smoothing). 
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wavelength blue-shifts by 5.6 nm as a function of etching time, which reveals that the 

dielectric environment near the gold cores is decreasing and reflects silica replacing 

by water as mention many time previously throughout this dissertation.  

A.3 SERS Study of 2-Naphthalenethiol Using IE Au@SiO2 Nanoparticles 

To evaluate how the optical properties of nanoparticles influence resulting SERS 

signals, 4 nM of all 5 IE Au@SiO2 nanoparticle samples was incubated with 10 µM 

of 2-naphthalenethiol for 1 hour. Delta NU advantage with 785 nm excitation 

wavelength was used, and SERS spectra were collected for the duration of the study 

by taking 1 every 60 seconds of integration time at ~50 mW power. 

The 60 minutes SERS spectrum is plotted in Figure A.2 for each IE nanoparticles 

sample. Table A.1 reports the spectral noise that is calculated by averaging a range in 

each spectrum from 1700 – 1900 ADU and the SERS signal intensity for each 

observed vibrational mode of 2-NT after subtracting the spectral noise. These 

vibrational modes are: 1064 cm
-1 

(C-H bending) and 1380 and 1622 cm
-1

 (both ring 

stretching). The data reveal no SERS signal from 0 min IE Au@SiO2 nanostructures 

(Figure A.2-1) because the 2-NT molecules are unable the diffuse through the silica 

layer toward the gold for the direct metal-analyte interaction, which is one of the two 

main enhancement mechanism possesses by the SERS effect. However, SERS 

response of 2-NT are observed from 5 - 35 min IE Au@SiO2 nanostructure, and are 

shown in Figures A.2-2 to A.2-4. This SERS signal intensity increases as a function 

of etching time for all three vibrational modes observed. This increase indicates that 

more molecules are on the metal surface because larger pores on the silica matrix near 

the gold cores are formed with increasing etching time. The optimal IE Au@SiO2 
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Figure A.2 SERS spectra of  10 µM 2-naphthalenethiol incubated in 4 nM IE 

Au@SiO
2
 nanoparticles for 1 hour after being etched for: (1) 0, (2) 5, (3) 15, (4) 

25, and (5) 35 minutes. The observed vibrational modes, labeled with the dashed 

line, are: 1064 cm
-1

 (CH bending) and 1380 and 1622 cm
-1

 (ring stretching). All 

spectra are baseline corrected using control spectra (spectra without the analyte). 

Spectral noise is determined by averaging a range in the spectrum from 1700 to 

1900 ADU. 
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Table A.1 Spectral noise and SERS signal intensity for each vibrational mode of  

2-naphthalenethiol (CH bending at 1064 cm
-1

 and ring stretching at 1380 and 1622 

cm
-1

).  

 

Etching Time 

(min) 

0 5 15 25 35 

Noise (ADU) 
0.192 0.228 0.254 0.193 0.220 

1064 cm
-1

 

(ADU) 0.153 5.851 6.687 7.851 9.978 

1380 cm
-1

 

(ADU) 0.074 3.539 6.763 8.005 8.953 

1622 cm
-1

 

(ADU) 0.159 0.868 1.113 2.090 2.501 

 

Note: 4 nM of each IE Au@SiO2 nanoparticles (0, 5, 15, 25, and 35 minutes) is 

incubated with 10 µM 2-naphthalenethiol for 1 hour prior to data collection. 

Spectral noise is calculated by averaging a range on each spectrum where no 

vibrational mode of the target molecule is observed: from 1700 to 1900 ADU. 
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nanostructures can be obtained between 25 and 35 minute etching of internal silica 

because the SERS response only changed by 0.900 ADU, which indicates that the 

entire gold surface is available for molecular binding. 

A.4 Structural Analysis of IE Au@SiO2 Nanoparticles 

To further investigate the changes observed in both extinction and SERS 

responses from IE Au@SiO2 nanoparticles, TEM images were collected for each 

sample, and representative images are shown in Figure A.3. After conducting a 

student t-test, the average mean diameter of all IE Au@SiO2 nanostructures remained 

the same (d = ~60 nm) before and after the etching at a 95% confidence limit. This 

similarity in size indicates that silica dissolution only occurs from the internal silica 

layer located at the gold surface. As etching time increased, the internal etching space 

surrounding the gold cores adequately increased, thereby allowing the gold core to 

move from the center of the nanoparticle to the edge of the silica membrane (see 

Figures A.3D and A.3E). Further etching of the silica membrane will result in gold 

core exposure.  

Another observation is that ~50% of the nanoparticles are free silica particles 

(nanoparticles without gold core), which can lead to inconsistent silica shell 

thickness. Therefore, to obtain a more homogeneous silica-coated gold (Au@SiO2) 

nanoparticle sample, a troubleshooting procedure was carried out by exploring each 

step from the stepwise synthesis depicted in Figure A.4A. During this 

troubleshooting, all 3 steps from Figure A.4A were completed for each parameter. 

The chemical structures of all silica precursors used during silica condensation on 

gold nanospheres are shown in Figure A.4B. To reduce the percent of free silica 
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Figure A.3 Representative TEM images and average diameter for IE Au@SiO
2
 

nanospheres quenched after (A) 0 (d = 60.1 ± 6.8 nm), (B) 5 (d = 60.1 ± 5.9 nm), 

(C) 15 (d = 59.9 ± 5.5 nm), (D) 25 (d = 59.8 ± 5.9 nm), and (E) 35 (d = 59.8 ± 7.0 

nm) minutes etching. Over 100 particles were analyzed to determine the average 

mean diameter and the standard deviation for each composite nanostructure.  
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Figure A.4 (A) Synthesis steps of silica-coated gold nanospheres: (1) APTMS or 

APTES functionalized gold nanospheres to promote silica condensation, (2) 

addition of sodium silicate to thicken the silica shell to 4 nm to establish the 

stability of the gold nanoparticles in ethanol, and (3) addition of ethanol and TEOS 

at pH greater than 8 to thicken the external silica layer. (B) Chemical structures of 

the silica precursors used during the synthesis.  

 

1 2 3A

(3-Aminopropyl) trimethoxysilane (APTMS)

(3-Aminopropyl) triethoxysilane (APTES)

Sodium trisilicate (27%) Tetraethyl orthosilicate (TEOS)

B
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particles observed during silica condensation on gold nanospheres, a parameter was 

evaluated in each synthesis step separately, and extinction spectroscopy and 

transmission electron microscopy (TEM) were used for analysis. A flow chart of the 

experimental plan is shown in Figure A.5, with all parameters, expectations, and 

objectives. 

A.5 Ethanol Implication on Silica Condensation on Gold Nanospheres 

Because ethanol is added in Step 3 (Figure A.4A) to increase the rate of silica 

condensation on gold nanospheres, it was hypothesized that decreasing the volume of 

added ethanol will reduce the rate of silica condensation, which should decrease the 

percent of free silica particles observed in Au@SiO2 nanosphere samples. To 

complete this study, the water-to-ethanol volume ratio was increased from 1:4 to 1:2, 

instead of 1:4.4, by decreasing the volume of ethanol added. Once the synthesis of 

Au@SiO2 nanospheres was completed, the samples were purified, and a LSPR 

spectrum and a TEM image were collected for each sample (Figure A.6). The 

extinction maximum wavelengths are 534.5, 533.8, and 533.5 nm for Au@SiO2 

nanospheres synthesized with 1:2, 1:3, and 1:4 water-to-ethanol volume ratio, 

respectively (Figure A.6A). These data indicate that a larger population of free silica 

particles than for those synthesized with the 1:4.4 ratio of water-to-ethanol volume 

(Figure A.6B). This result rejects the hypothesis because, as the volume of ethanol 

decreases, the rate of silica condensation also decreases, which increases silica 

nucleation and reduces silica growth according to Liz-Marzán.[303] Because silica 

solubility is drastically low in ethanol, polymerization of silica occurs. 
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Figure A.5 Experimental procedures for minimizing the percent of free silica 

particles observed on synthesized Au@SiO2 nanoparticles. 
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Figure A.6 Extinction and structural analysis of Au@SiO2 nanospheres 

synthesized using various water-to-ethanol volume ratios during step 3 in Figure 

A1.4. (A) LSPR spectra of Au@SiO2 nanoparticles synthesized using: (1) 1:2, (2) 

1:3, and (3) 1:4 water-to-ethanol ratio. The extinction maximum wavelength and 

full width half max are: 534.5 nm and 0.5379 eV, 533.8 nm and 0.5222 eV, and 

533.5 nm and 0.5196 eV, respectively. (B) Representative TEM image for 

Au@SiO2 nanospheres fabricated using (1) 1:2 and (2) 1:4 water-to-ethanol ratio. 
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A.6 APTMS Incubation Time Effect on Silica-Coated Gold Nanospheres 

The next step was to determine if the time used to make the gold surfaces 

vitreophilic is sufficient to allow all the APTMS molecules to bind to the gold 

nanoparticle. This is because any excess APTMS molecules present in the solution 

prior to the addition of sodium silicate can serve as nuclei for further silica growth. 

To investigate the impact of APTMS incubation time on the formation of free silica 

particles during silica condensation on gold nanospheres, the time was varied from 

15, 30, and 60 minutes. Figure A.7 shows the LSPR spectra for all three samples and 

the TEM images for Samples 1 and 3.  The extinction maximum wavelength for all 

three samples is centered at (1) 531.5 nm, (2) 531.9 nm, and (3) 549.5 nm, 

respectively (Figure A.7A). These data indicate no significant differences between 

Samples 1 and 2 other than a ~5 nm red-shift in the LSPR wavelength that is greater 

than uniform silica-coated sample reported in the literature,[167] which could be 

associated with the large percent of free silica particles observed. However, Sample 3 

shows a greater shift in the LSPR wavelength and a broad spectrum, which suggest 

metal nanoparticle coupling and/or aggregation.  

Representative TEM images are shown in Figure A.7B for Samples 1 and 3 only 

because Sample 2 possesses similar optical properties as Sample 1 and thereby should 

have similar structure. Both LSPR and structural data are correlated for all samples. 

Sample 3 on the other hand, shows very different structure as expected based on their 

LSPR wavelength. This observation can be explained as APTMS molecules 

polymerization instead of functionalization. This polymerization allows all silica 

precursors added to further growth and form a bed of silica. As gold nanospheres are 
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Figure A.7 Extinction and structural analysis of Au@SiO2 nanospheres 

synthesized using various incubation times for APTMS in Step 1. (A) LSPR 

spectra of Au@SiO2 nanoparticles after incubated for: (1) 15, (2) 30, and (3) 60 

minutes. Their extinction maximum wavelength and full width half max are: 531.5 

nm and 0.4986 eV, 531.9 nm and 0.5010 eV, and 549.5 nm and 0.6272 eV, 

respectively. (B) Representative TEM image for Au@SiO2 nanospheres incubated 

with APTMS for (1) 15 and (2) 60 minutes.  
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known to be attracted to such silica layer, therefore, the gold nanoparticles present in 

the solution attached on the silica bed, which is observed in Figure A.7B-3.  

A.7 APTMS vs. APTES Effect on Silica Condensation on Gold Nanoparticles 

APTES, and APTMS, were used to functionalize the gold nanoparticle surface 

prior to silica condensation. This study is performed to determine if the connecting 

agent is the reason for large population of free silica particles, since APTMS 

hydrolyzes much faster than APTES. The same protocol detailed earlier was used for 

both samples, where APTMS or APTES is used to make the gold surface vitreophilic 

for further silica growth. The APTES sample was incubated for 1 hour during 

functionalization while APTMS sample was incubated for only 15 minutes. 

Extinction spectra and TEM images are shown in Figure A1.8. As expected, the 

absorption band (531.1 nm (Figure A.8A-1)) and the structural image (Figure A.8B-

1) obtained for APTMS functionalized Au@SiO2 nanospheres (sample 1) are similar 

to data from Figure A.7A-1 (LSPR) and Figure A.7B-1 (TEM) because the same 

procedure is used.  

Sample 2 (Au@SiO2 nanospheres synthesized with APTES) on the other hand, 

possess a plasmon wavelength  at 524.3 nm (Figure A.8A-2), a number reported by 

Liz-Mazán in 1996[167] for fully coated nanoparticle with a low percent of free silica 

particles and silica shell from 4 to 15 nm thick. The TEM image in Figure A.8B-2 

shows Au@SiO2 nanospheres with no free silica, but the silica shell thickness is only 

~ 4 nm, which is too thin for future applications. These observations suggest that 

APTES incubation should be greater than 1 hour because APTES is less likely to 

hydrolyze in air and/or water, as it is less polar than APTMS. 
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Figure A.8 APTMS vs. APTES linking agent to functionalize the gold surface 

prior to silica condensation. (A) Extinction spectra of Au@SiO2 nanoparticles 

synthesis using (1) APTMS and (2) APTES to make the gold surface vitreophilic, 

with extinction maximum wavelength and full width half max equal to 531.1 nm 

and 0.4611 eV and 524.3 nm and 0.3696 eV, respectively. (B) Representative TEM 

images for Au@SiO2 nanospheres synthesis with (1) APTMS and (2) APTES.  
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Figure A.9 (A) LSPR spectra of Au@SiO2 nanoparticles synthesis with (1) 10 and 

(2) 2.7% sodium silicate (stock). The plasmon wavelength and full width half max 

are: 526.6 nm and 0.4009 eV and 525.7 nm and 0.3803 eV, respectively. (B) 

Representative TEM images for Au@SiO2 nanospheres synthesis using (1) 10 and 

(2) 2.7 % sodium silicate.  
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A.8 Sodium Silicate Viscosity and Concentration Effect on Silica Condensation 

Finally, the viscosity and the concentration of the stock sodium silicate solution 

are monitored prior to being used in silica condensation to uniform solution which 

should minimize silica nucleation while maximizing silica growth. In this study, the 

27 % stock sodium silicate is sonicated and diluted with water to 10 % and 2.7% 

weight. The final concentration of sodium silicate during silica condensation on gold 

nanospheres remains the same for both samples, as well as does the protocol. After 

purifying each of the Au@SiO2 nanospheres, a LSPR spectrum and a TEM 

micrograph is collected for both samples, which are shown in Figure A.9. The   

extinction maximum wavelength for both samples is 526.6 nm (Figure A.9A-1) and 

525.7 nm (Figure A.9A-2), respectively. According to literature, these samples should 

contain fully coated Au@SiO2 nanospheres with very few free silica particles.  

The representative TEM images show in Figure A.9B reveals structure with few 

free silica particles, after analyzed over 100 nanoparticles the percent of free silica 

particles is ~6 % and ~2 %, respectively. Following this protocol, fewer free silica 

particles should be observed, the extinction maximum wavelength should be similar 

to those above, and experimental silica shell thickness should be comparable to 

calculated. 

A.9 Conclusions 

In this report we synthesized and characterized stable and SERS-active IE 

Au@SiO2 nanoparticles in a stepwise process. We demonstrated that quantitative 

SERS signals of target molecules can be achieved by using solution-phase gold 

nanoparticles encapsulating in porous silica membrane. The magnitude of the SERS 
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intensity for 2-NT between 25 to 35 minutes IE Au@SiO2 nanoparticles were only 

different by 0.900 ADU. This suggests that the optimal gold nanostructures that are 

stabilized with a full silica membrane and produce large SERS signal lay between 25 

to 35 minutes internal silica etching and the entire gold surface should be available 

for molecular binding. During the troubleshooting of Au@SiO2 nanospheres, the 

results reveal that varying water to ethanol volume ratio, varying APTMS incubation 

times, and used APTES to functionalize the gold nanoparticle surface prior to silica 

condensation instead of APTMS do not improve the homogeneity of Au@SiO2 

nanospheres. However, sonicating and decreasing the concentration of the sodium 

silicate stock reduces silica nucleation and increases silica growth for more 

predictable silica shell thicknesses and LSPR wavelength. 
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APPENDIX B 

PRELIMINARY STUDIES OF SOLUTION CONDITIONS 

IMPLICATIONS ON PASSIVE MOLECULAR TRANSPORT THROUGH SILICA 

MEMBRANE AND MULTI-ANALYTES DETECTION USING SERS 

SPECTROSCOPY 

B.1 Introduction 

In this study, solvent ionic strength, pH, and polarity are varied stepwise to 

determine the optimal solution conditions that produce passive molecular diffusion 

through silica membrane toward the gold core for large and reproducible SERS 

measurements of target analytes. To start, IE Au@SiO2 nanospheres with a fixed 

internal silica etching are synthesized using the new silica dissolution protocol 

described in Chapter 4. The composite nanospheres sample is purified using 

hydrophobic interaction chromatographic column. Figure B.1 depicts a flow chart of 

the experimental design in a stepwise manner describing parameters, objectives and 

expected results or trends. The SERS-activity of 4-aminobenzenethiol (4-ABT) is 

monitored as a function of all parameters, including KCl concentration, pH, and 

percent ethanol. 4-Aminobenzenethiol was chosen because it is small, Raman-active, 

and contains a thiol group that can tightly bind to gold (bond strength = ~47 

kcal/mol). A SERS spectrum of 10 µM 4-ABT on 4 nM citrate stabilized gold 

nanospheres is shown in Figure B.2 where all observed vibrational modes are labeled 

and assigned in Table B.1.  
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Figure B.1 Experimental plan to determine the optimal solution conditions for 

passive molecular diffusion through the silica membrane on gold nanospheres for 

large, but reproducible and quantitative SERS response of small molecules.  
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Figure B.2 SERS spectra of 10 µM 4-aminobenzenethiol (4-ABT) adsorbed on 

the surface 4 nM citrate stabilized gold nanospheres. The observed vibrational 

bands are labeled. The inset illustrates the chemical structure of the analyte 4-

ABT. SERS collection parameters: power laser = 2 mW, λEx = 632.8 nm, and tint = 

60 seconds. 
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Table B.1 Raman shift assignments of 4-aminobenzenethiol (4-ABT) on citrate 

stabilized gold nanospheres.[1-3]  

 

Literature Raman Shift 

(cm
-1

) 

Experiment Raman 

Shift (cm
-1

) 

 

Assignments 

1587 1590 Ring stretching 

1485 1491 Ring stretching & CH 

bending 

1425   Ring stretching & CH 

bending 

1389   Ring stretching & CH 

bending 

1177 1173 CH bending 

1140   CH bending 

1078 1080 CS stretching 

1003 1000 CC & CCC bending 

819   CH waging 

636 637 CCC bending 

391 392 CS bending 
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B.2 Ionic Strength, pH, and Polarity Effect on Molecular Diffusion through IE 

Au@SiO2 Nanospheres 

To evaluate the electrostatic nature of internally etched silica-coated gold (IE 

Au@SiO2) nanoparticles, passive molecular transport of 4-ABT through the silica 

membrane is studied as a function of KCl concentration. All experiments are 

conducted in water using 5 nM IE Au@SiO2 nanospheres, 20 µM 4-ABT, and 0 to 

100 mM of KCl. Each sample is incubated for 1 hour prior to SERS measurements. 

Spectral noise, SERS intensity for both primary vibrational modes of 4-ABT (1078 

cm
-1

 C-H bending and 1590 cm
-1

 ring stretching) after subtracting the spectral noise, 

and peak ratio of 1078 cm
-1

/1590 cm
-1

 are reported in Table B.2A. The spectral noise 

is calculated by averaging a range in each spectrum where no target molecule signal 

is observed and is 1700 to 1900 ADU. One should expect the SERS response to 

increase then saturate with increasing ionic strength, according to Zharov. [175, 304] 

This is because, the electrolyte ions can decrease the Bjerrum length between two 

elementary charges within the micropores on the silica membrane and allow the pores 

to reach their original size (~1.5 - 2 nm) for increase passive molecular diffusion. 

This result should be observed because once all the available metal surface is 

occupied by the target molecule the signal should remain the same. For the 

preliminary data however, SERS signal intensity of 4-ABT increased with no 

saturation. To observe the complete reported trend, the ionic strength of the solution 

should be greater than 100 mM to reduce the Bjerrum length to its reported size of 0.7 

nm, or the sample incubation time prior to SERS measurement should be greater than 

1 hour to make sure of complete equilibrium. As for the peak ratio, no trend is 
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observed. This could be because at each KCl concentration, different numbers of 4-

ABT are transported through the silica membrane toward the core causing changes in 

molecular orientation for different polarization of each vibrational mode. 

To investigate the effect of pH on passive molecular diffusion through silica 

membrane encapsulated gold nanospheres, the SERS signal intensity of 4-ABT was 

used to measure changes the response.  All studies are completed in pH adjusted 

water 4.0, 5.5, 7.0 or 8.5 separately using 5 nM IE Au@SiO2 nanospheres, 20 µM 4-

ABT, and 100 mM KCl. At this pH range the surface of the stationary phase IE 

Au@SiO2 nanospheres should remain negatively charged because all the different 

pHs from this study are greater than the silica pKa ~2.[305-307]  Each sample is 

incubated for 1 hour followed by SERS measurements using 60 minutes integration 

time. Table B.2B shows the spectral noise, SERS intensity after subtracting spectral 

noise, and peak ratio of 1078 cm
-1

/1590 cm
-1

.  The SERS response is expected to 

follow a Gaussian curve distribution if the molecular charges dominate the transport 

of the target analyte through the silica membrane. One should observe no SERS 

signal at pH 4.0. This is because 4-ABT will be positively charged as the amine group 

is protonated at pH less than its pKa, which is 5.[175] Therefore, it should interact 

with the silica surface instead of being transported through the silica membrane 

toward the gold core for SERS detection. At a pH equal to 6.0, 4-ABT should be 

neutral because the number of positively and negatively charged molecules in the 

solution should be equal. Therefore, SERS signal should be observed because of 

passive molecular diffusion, and no interaction with the silica surface. At pH 7.0 or 

above, the SERS signal should decrease to noise because both the mobile phase (4- 
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Table B.2 Spectral noise, SERS intensities for both vibrational modes of 4-

aminobenzenethiol: 1078 cm
-1

 C-H bending and 1587 cm
-1

 ring stretching, and 

peak ratio (1078/1590).  

A 
[KCl] (mM) 0 5 20 50 100 

Noise (ADU) 0.420 0.472 0.398 0.415 0.209 

1078 cm
-1

 (ADU) 8.502 8.309 8.727 8.517 10.183 

1587 cm
-1

 (ADU) 3.387 2.666 2.348 3.760 5.393 

Peak Ratio 2.510 3.117 3.717 2.265 1.888 

 

B 
pH 4.0 5.5 7.0 8.5 

Noise (ADU) 0.260 0.242 0.236 0.289 

1078 cm
-1

 (ADU) 10.364 14.090 18.044 20.330 

1587 cm
-1

 (ADU) 3.892 7.757 12.816 16.483 

Peak Ratio 2.663 1.817 1.408 1.233 
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Table B.2 Continue here  

 

C 
Ethanol (%) 0 0.5 5.0 10.0 

Noise (ADU) 0.019 0.228 0.368 0.002 

1078 cm
-1

 (ADU) 11.052 13.359 21.280 30.239 

1587 cm
-1

 (ADU) 5.562 8.452 11.970 15.315 

Peak Ratio 1.987 1.581 1.778 1.975 

 

Note: 5 nM IE Au@SiO2 nanoparticles and 20 µM 4-aminobenzenethiol (4-ABT) 

are incubated for 1 hour  with (A) varying KCl concentrations (0 – 100 mM), (B) 

pH (4.0 -8.5), or (C) polarity (0 – 10 % EtOH) before collected the data reported 

above. Spectral noise is calculated as mention in Table A.1note. 
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ABT) and the stationary phase are negatively charged and should repel each other, 

due to deprotonation of thiol group, as the pH of the solution is above its pKa, which 

is 6.9.[308] For the preliminary study, however, a different trend is observed. SERS 

signal intensity of 4-ABT increases as a function of pH, indicating that the solubility 

of the analyte increased with increasing pH, which dominates (confirm by scifinder) 

instead of molecular activity. 

Next, the effect of polarity is studied on molecular diffusion of 4-ABT through 

silica membrane stabilizing gold nanospheres using SERS detection. In this 

experiment, analyte concentration, nanoparticle concentration, ionic strength, and pH 

of the solvent are kept constant, while the polarity of the solution is varied using 

ethanol. These values are as follows: 20 µM 4-ABT, 5 nM IE Au@SiO2 nanospheres, 

100 mM KCl, and 8.5 pH (adjusted water), and the aqueous solution polarity is varied 

by increasing the amount of ethanol from 0% to 10%. Increasing the percent of 

ethanol should decrease the polarity of the aqueous solution and allow the analyte to 

be more soluble, as it is non-polar. One should expect the SERS signal intensity of 4-

ABT to increase as a function ethanol. Preliminary results shown in Table B.2C 

support this expectation. Moreover, decreasing the polarity of the solution will not 

only increase the solubility of the analyte, but also maintain the nanoparticle structure 

even at pH higher than 8.5 because unlike water silica dissolution will not occur.    

B.3 Multi-Analytes Detection Using SERS-Active IE Au@SiO2 Nanoparticles 

After determining the optimal solution conditions, such as ionic strength, pH, and 

polarity, IE Au@SiO2 nanospheres could be used for multi-analyte detection. To date 

two analytes 2-NT and 4-ABT were detected simultaneously using SERS 
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spectroscopy. The SERS spectra for 10 µM 2-NT (Figure B.3-1), 4-ABT (Figure B.3-

2), and the mixture (Figure B.3-3) incubated in 5 nM IE Au@SiO2 nanoparticles are 

shown in Figure B.3. Each vibrational mode is labeled and associated to 2-NT (1065 

cm
-1 

C-H bending and 1380 ring stretching) and 4-ABT (1078 cm
-1

 C-H bending and 

1590 cm
-1

 ring stretching). The bands centered at 1065 and 1078 cm-1 are not 

resolved but 1380 (2-NT) and 1590 cm-1 (4-ABT) are resolved and are used to 

identify each analyte from the mixture sample. Although two analytes were able to be 

detected using IE Au@SiO2 nanoparticles, if three to five analytes can be detected 

simultaneously, this will increase solution-phase nanoparticles integration in 

biological and environment studies. Figure B.4 shows the chemical structures and 

SERS spectra of four Raman-active analytes that can be used for simultaneous SERS 

detection, as each possesses a unique vibrational mode that be identified after a multi-

analyte study. These analytes, with their unique vibrational modes, are: 4-thiouracal 

(4-TU) and 914 cm-1, N-H out-of-plane bending (Figure B.4-1), 1,2-bis(4 

pyridyl)ethylene (4-BPE) and 1641 cm-1, C=C stretching (Figure B.4-2), 2-

naphthalenethiol (2-NT) and 1380 cm-1, ring stretching (Figure B.4-3), and 2-

mercaptopyridine (2-MPy) and 1000 cm-1, ring breathing (Figure B.4-4). The Raman 

shift assignments for all four molecules are reported in Table B.3. 
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Figure B.3 SERS detection of 10 µM (1) 2-NT, (2) 4-ATP, and (3) 2-NT & 4-ATP 

incubated in 5 nM IE Au@SiO2 nanoparticles. The bands centered at 1064 and 

1380 cm
-1

 are assigned to 2-NT while 1081 and 1594 cm
-1

 to 4-ATP. SERS 

collection parameters: power laser = 2 mW, λEx = 632.8 nm, and tint = 60 seconds. 
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Figure B.4 (A) Molecular structures and (B) SERS spectra of (1) 4-thiourical 

(4TU), (2) 1,2-bis(4 pyridyl)ethylene (4BPE), (3) 2-naphthalenethiol (2NT), and 

(4) 2-mercaptopyridine (2MPy). All measurements were collected using 5 nM 

citrate stabilized gold nanospheres incubated with 10 µM chromophore. 

Conditions:  λex = 632.8 nm, tint = 45 s, and P = 2 mW. The unique vibrational 

modes for 4TU (914 cm
-1

, N-H out-of-plane bending), 4BPE (1641 cm
-1

, C=C 

stretching), 2NT (1380 cm
-1

, ring stretching), and 2MPy (999 cm
-1

, ring breathing) 

are labeled. Each spectrum was normalized to the SERS intensity of the C=C 

stretching (1641 cm
-1

)
 
for 4BPE. 
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Table B.3 Raman shift assignments of 1,2-bis(4 pyridyl)ethylene (4BPE),[309] 2-

mercaptopyridine (2MPy),[310] 2-naphthalenethiol (2NT),[311] and 4-thiourical 

(4TU).[312]  

 

Raman Shift 

(∆cm
-1

) 

Assignments Molecule 

1641 vs C=C stretch 1,2-bis(4 pyridyl)ethylene  

1622 s Ring stretch 2-naphthalenethiol 

1607 vs C-N bend, C-C stretch 1,2-bis(4 pyridyl)ethylene  

1601 w C-C stretch 4-thiourical 

1580 w Ring stretch 2-naphthalenethiol 

1576 vw C=C stretch 2-mercaptopyridine 

1546 vw; w C-C stretch; C=C stretch 1,2-bis(4 pyridyl)ethylene ; 

2-mercaptopyridine 

1510 m C=C & C=N stretch 4-thiourical 

1451 m Ring stretch 2-naphthalenethiol 

1390 w C-H bend 4-thiourical 

1380 vs Ring stretch 2-naphthalenethiol 

1340 w C-H bend, C=C bend 1,2-bis(4 pyridyl)ethylene  

1337 vw Ring stretch 2-naphthalenethiol 

1315 w Ring stretch 4-thiourical 

1275 w C=C & C=N stretch 2-mercaptopyridine 

1243 vw N-H deformation 1,2-bis(4 pyridyl)ethylene  

1231 m C=H bend, N-H ring 

deformation 

2-mercaptopyridine 

1216 vs C-N stretch 4-thiourical 
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Table B.3 Continue here 

 

1202 vs C-C stretch, C-N bend 1,2-bis(4 pyridyl)ethylene  

1148 vw C-H bend 2-naphthalenethiol 

1117 w; m C-H wag;  Ring breathing, 

C-S stretch 

2-mercaptopyridine; 4-

thiourical 

1083 w C-H bend 2-mercaptopyridine 

1073 vw C-N stretch 4-thiourical 

1065 s C-H bend 2-naphthalenethiol 

1050 w C-H bend 2-mercaptopyridine 

1019 w Ring breathing 1,2-bis(4 pyridyl)ethylene  

1005 vw Ring deformation 4-thiourical 

999 vs Ring breathing 2-mercaptopyridine 

914 s N-C stretch 4-thiourical 

841 vw C-H twist 2-naphthalenethiol 

782 vw C-H wag, C=O bend 4-thiourical 

764 vw C-H wag 2-naphthalenethiol 

709 w N-H wag 4-thiourical 

660 vw N-H wag 4-thiourical 

633 vw C-C-C bend; Ring twist 2-mercaptopyridine; 2-

naphthalenethiol 

625 vw Ring deformation 4-thiourical 
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B.4 Conclusions 

These preliminary studies demonstrate that knowing the optimal solution 

conditions during SERS detection is a critical step because increased electrolyte ions 

will increase the micropores on the silica membrane from their original which should 

increase molecular diffusion. Whereas, increasing solvent pH and decreasing solution 

polarity should allow more accurate analyte concentration, the solubility of these 

molecules should not be affected. Therefore, more accurate conclusions can be made 

from individual and multi-analytes SERS studies because these will only have to 

focus on changes associated with molecular size, binding group, and/or orientation.  
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