
 

 

   

 

    

  

  

 

  

  

  

   

  
   

 
  

  
  

ions added into AuNP solutions is 50.0 µM for Br- and I-, while the baseline Cl- and Na+ 

in the as-synthesized AuNP solutions are 4.0 and 10.5 mM, respectively. Accordingly, 

the excess cations and anions to be confined at the diffusion layer surrounding the 

charged AuNPs are likely to be the much more concentrated Na+ or Cl- instead of the 

added low-concentration (BBIB)2+, Br-, or I- in solutions. 

The quantification of Cl- adsorption is difficult because of its poor ICP-MS 

sensitivity. The maximal amounts of (BBIB)2+ absorbed onto AuNP surfaces are different 

in the various halide salts and decrease in the order (BBIB)Cl2 (6.3�r0.4 µM) > 

(BBIB)Br2 (5.2�r0.5 µM) > (BBIB)I2 (3.9�r0.4 µM), in spite of the fact that the amounts 

of AuNPs used in these studies are equivalent. This clearly indicates that the amount of 

(BBIB)2+ adsorbed onto AuNPs depends critically on the choice of anions. 

Figure 3.4 (A) Comparison of concentration-dependent BBIB2+ adsorption onto 
AuNPs in AuNP/(BBIB)X2. (B) and (C) Comparison of X- adsorption onto 
AuNPs in AuNP mixed with KX, (AM)X, and (BBIB)X2, with X standing 
for Br- in (B), and I- in (C), respectively.  

Note: The calibration curve of the BBIB2+ quantification is shown in Figure 2.11 in 
chapter two. It is noted that the vertical scale in these plots are significantly different. 

In a similar way, cations have significant effect on the anion adsorption onto 

AuNPs. The amounts of adsorbed halides decrease drastically when the counterions 
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change from K+ to (AM)+ and then to (BBIB)2+. Surprisingly, the quantities of I- and Br-

adsorption onto AuNPs in both K+- and (AM)+-containing samples increase 

monotonically with electrolyte concentrations (Figure 3.4B and 3.4C), while they can 

both reach an approximately constant adsorption in their corresponding (BBIB)2+-

containing samples. Detail reason for this experimental observation is unclear.  

Nonetheless, the drastic differences in Br- and I- adsorption on AuNPs among their 

respective K+, (AM)+, and (BBIB)2+ salts demonstrate that the anion binding affinities 

and adsorption capacities on AuNPs depending critical on the cations presented in the 

solutions. 

3.4.4 Counterion effects on the SERS spectrum of ions on AuNPs 

For the sake of simplicity, the notation of (A/B)/C was used to represent the 

solution mixture prepared by mixing the two components (A and B) before adding 

component C. Figure 3.5 shows the SERS spectra obtained with (BBIB)X2 alone and 

mixed with AME, KCl, KBr, KI, and Na2S, respectively. Besides the indicated anion 

features, all other spectral features in these SERS spectra should be aroused by 

(BBIB)2+.101-105,119,126,127 This is because alkali metals are Raman inactive and each halide 

has only one SERS peak corresponding to Au-X stretching.  Sulfide (S2-) has two SERS 

peaks that are caused by the Au-S stretching at ~260 cm-1 126,127 and polysulfide 

stretching at ~450 cm-1 .126 Evidently, the (BBIB)2+ SERS spectral features including the 

peak intensities and correlations depend critically on the identity of anions present in the 

(BBIB)2+/AuNP mixture solutions. For example, the SERS features of BBIB2+ paired 

with I- are significantly different from those paired with S2-, Br-
, and Cl- (Figure 3.5). 
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The counterion effects on the SERS spectra for ionic species adsorbed onto 

AuNPs have, to our knowledge, not been reported before. The likely reason of the 

counterion effects observed in the (BBIB)2+ SERS spectra is the AuNP-facilitated cation 

and anion interactions, while the exact mechanism of such cross-interactions currently 

remains unclear. However, as a conductive nanomaterial, AuNP should be able to 

facilitate the charge transfers between surface-adsorbed cations and anions, as will be 

further discussed later. 

Figure 3.5 SERS spectrum of (A) (AuNP/(BBIB)Cl2))/AME, (B) 
(AuNP/(BBIB)Br2))/AME, and (C) (AuNP/(BBIB)I2))/AME. 

Note: Spectra (a) in the plots are AuNP/(BBIB)X2 control.The AME for spectra (b) and 
(c) are KBr and KI, respectively in Figures 3.5A; KCl and KI, respectively in Figure 
3.5B; and KCl and KBr, respectively, in Figure 3.5C. The AME for spectrum (d) is Na2S. 
The nominal concentrations of AuNPs, (BBIB)X2, and AME are 10 nM, 25 µM, and 1 
mM, respectively. All the SERS spectra were normalized to the peak at 1003 cm-1 

denoted by '*'. The number in red is the between-spectrum normalization factors. The 
numbers in black are the within-spectrum scaling factors for normalizing the spectral 
features in the ~700-1700 cm-1 region to that below ~625 cm-1 region in the same 
spectrum. The within-spectrum scaling was performed before spectrum normalization. 
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3.4.5 Counterion effect on the ion exchange on AuNPs 

The counterion effects on electrolyte binding to AuNPs are also reflected in Ag+ 

displacing (BBIB)2+ where Ag+ and (BBIB)2+ are coadsorbed with halides and S2- onto 

AuNP surfaces. Among all nitrates explored in this work that include KNO3, Mg(NO3)2 

and AgNO3, only AgNO3 can induce the significant displacement of (BBIB)2+ from 

AuNP surfaces in the AuNP/(BBIB)X2 and AuNP/((BBIB)Cl2/Na2S) samples (Figure 

3.6). Such ion-induced ligand displacement has not been reported before. More 

importantly, the threshold AgNO3 concentration that induces the complete disappearance 

of (BBIB)2+ SERS signal in the AgNO3-treated AuNP/(BBIB)X2 and 

AuNP/((BBIB)Cl2/Na2S) depends critically on the choice of anions that are coadsorbed 

with BBIB2+ on AuNPs. AgNO3 with the concentration as low as 100 µM causes the 

complete disappearance of the SERS feature of (BBIB)2+ that is initially paired with S2-

on the AuNP surface in the AuNP/((BBIB)Cl2/Na2S) sample (Figure 3.6D). In contrast, 

there is a residual (BBIB)2+ SERS feature in the AgNO3-treated AuNP/(BBIB)X2 even 

when the AgNO3 concentration is raised to as high as 1.0 M. 

The mechanisms of the anion exchange shown in Figure 3.5 and the (BBIB)2+ 

removal shown in Figure 3.6 are likely fundamentally different. For the anion exchange 

observed in the (AuNP/(BBIB)X2))/AME samples, anions in AME should have a higher 

binding affinity to AuNP in the initial anion X- coadsorbed with (BBIB)2+ on the AuNP 

in order to produce the significant anion exchange. In other words, the anion exchange 

proceeds through ligand displacement on AuNP surfaces and it reflects the competitive 

nature of the AuNP binding of the ions with the same charge sign. However, the Ag+-

induced (BBIB)2+ removal from AuNP surfaces is assumed to proceed through charge 
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neutralization in which anions initially paired with (BBIB)2+ on AuNPs react with Ag+ 

and form insoluble charge-neutral AgX or Ag2S on AuNP surfaces. The neutralization of 

these anions increases the electrostatic repulsion among (BBIB)2+ cations, thus 

destabilizing them on AuNP surfaces. As a result, the initial (BBIB)2+ and X- ion pairs on 

AuNPs can be replaced by the insoluble charge-neutral AgX or Ag2S. 

Figure 3.6 SERS detection of BBIB2+ displacement by K+, Mg2+, and Ag+ in (A) 
AuNP/(BBIB)Cl2, (B) AuNP/(BBIB)Br2, (C) AuNP/(BBIB)I2), and (D) 
AuNP/((BBIBCl2)/Na2S). 

Note: Spectrum (a) in (A-C) is AuNP/(BBIB)X2 control, and (a) in (D) is 
AuNP/((BBIB)Cl2/Na2S). Spectra (b), (c), and (d) are acquired after overnight incubation 
of sample (a) with KNO3, Mg(NO3)2, and AgNO3, respectively. The KNO3 and 
Mg(NO3)2 concentration are both 1 M. The AgNO3 concentration in (A), (B), (C), and 
(D) are 1 M, 1 M, 1 M, and 100 µM, respectively. The nominal AuNPs and (BBIB)X2 
concentrations are 10 nM and 50 µM, respectively. The numbers in red are the scaling 
factors between the spectra shown in the same plot. The numbers in black are the scaling 
factors for normalizing the features in the ~700-1700 cm-1 region to the spectral features 
below ~625 cm-1 region in the same spectrum. The within-spectrum scaling was 
performed before between-spectrum normalization. The red dash line corresponds to the 
position of Au-X stretching feature in (A), (B), and (C), and Au-S in (D). 
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3.4.6 Origin of counterion effects on the electrolyte binding to AuNPs 

Mechanistically, the experimentally observed counterion effects presented above 

cannot be explained by the current EDL theory alone that mainly focuses on how 

electrolytes affect the electrostatic interactions of charged NPs and the local electrolyte 

concentrations surrounding the charged NPs. It takes ion pairing in combination with the 

EDL theory to offer a reasonable interpretation to the observed counterion effects. Taking 

the electrolyte effects on NP aggregation as an example, the electrolyte-induced AuNP 

aggregation can proceed through two possible pathways. The first is charge-screening 

that is likely to be responsible for KX-induced AuNP aggregation wherein the electrolyte 

concentrations have to be sufficiently high in order to reduce the electrostatic repulsions 

among the charged AuNPs and result in their aggregation. This is the commonly invoked 

pathway in literatures for interpreting the electrolyte-induced AuNP aggregation.20,29,114 

The second is the charge neutralization pathway in which the dispersed cations 

and anions are coadsorbed onto AuNPs, and the charge densities on AuNP surfaces and 

electrostatic repulsion among AuNPs are thus diminished, leading to AuNP aggregation. 

The (AM)X- and (BBIB)X2-induced AuNP aggregation should proceed through the 

second pathway. This is because the threshold concentrations for these electrolytes to 

induce AuNP aggregation are apparently too low to produce the substantial charge-

screening effect. This charge-neutralization hypothesis is also supported by the zeta-

potential measurements (Figure 3.8). The threshold concentrations to drastically reduce 

the AuNP zeta potentials (by 50%) are below 1.5 µM for (BBIB)X2 while above 10.0 

mM for KX.      
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CHAPTER IV 

ION PAIRING AS THE MAIN PATHWAY FOR REDUCING ELECTROSTATIC 

REPULSION AMONG ORGANOTHIOLATE SELF-ASSEMBLED ON GOLD 

NANOPARTICLES IN WATER 

(Published in J. Phys. Chem. C 2016, 120, 19878-19884) 

4.1 Abstract 

Organothiol binding to gold nanoparticles (AuNPs) in water proceeds through a 

deprotonation pathway in which the sulfur-bound hydrogen (RS-H) atoms are released to 

solution as protons and the organothiol attach to AuNPs as negatively charged thiolate.  

The missing puzzle pieces in this mechanism are (i) the significance of electrostatic 

repulsion among the likely-charged thiolates packed on AuNP surfaces, and (ii) the 

pathways for the ligand binding system to cope with such electrostatic repulsion.  

Presented herein are a series of experimental and theoretical evidences that ion pairing, 

the coadsorption of negatively charged thiolate and positively charged cations, is a main 

mechanism for the system to reduce the electrostatic repulsion among the thiolate self-

assembled onto AuNP surfaces.  

4.2 Introduction 

The exact mechanism of organothiol binding to gold has been controversial since 

the early discovery that the organothiol can self-assemble onto gold surfaces.11,16,39,135,136 
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Recent experimental studies demonstrate that organothiol binding to gold nanoparticles 

(AuNPs) in water proceeds through a deprotonation pathway in which the sulfur-bound 

hydrogen (RS-H) atoms are released as protons and the organothiols retain on AuNPs as 

negatively charged thiolate.17,137-139 While this deprotonation mechanism can be readily 

verified through simple pH measurements in combination with surface enhanced Raman 

spectroscopic (SERS) study,137,140 it also raises new questions that are critical to the 

comprehensive understanding of organothiol binding to AuNPs. This is because the 

accumulation of the negatively charged thiolate must increase the electrostatic repulsion 

among the thiolate self-assembled on AuNPs. The fact that organothiols can densely pack 

on AuNP surfaces indicates that either the potential energy from electrostatic repulsion is 

insignificant in comparison to the Au-S bond energy, or the ligand binding system has 

ways to effectively cope with such electrostatic repulsion. 

There are two possible mechanisms for electrolytes to reduce electrostatic 

repulsion among the charged species at liquid/solid interfaces. The first is the electrical 

double layer (EDL) formation in which ionic species with opposite charges to ions on 

solid surface accumulate in a thin layer of solvent immediately surrounding the charged 

surfaces. This EDL model has been very successful in explaining a wide range of 

experimental phenomena including the electrical osmotic flow in electrophoresis,141-143 

and diffusion limited current in electrochemistry.144-146 The second mechanism is the ion 

paring formation in which the cations and anions are coadsorbed on solid support.119 The 

adsorbed cation and anion can be colocalized in the same position or separated on 

surfaces. 
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Direct experimental observation of ion pairing has been recently reported for a 

series of electrolyte binding to gold nanoparticles (AuNPs) in which both the cation and 

anion of the electrolytes are SERS active.119 This ion pairing hypothesis explains why 

electrolyte threshold concentration for inducing AuNP aggregation can be drastically 

different (by more than three orders of magnitude) from each other. This experimental 

observation cannot be explained with the EDL theory alone. According to the EDL 

theory, the electrolyte threshold concentration should be similar for inducing AuNP 

aggregations. 

Reported herein is a combined experimental and computational study of the 

charge effects on the organothiol binding to AuNPs. The questions we wish to address 

include 1) the significance of the electrostatic repulsion among the negatively-charged 

thiolate on AuNP surfaces and 2) the mechanism for the ligand binding system to cope 

with the electrostatic repulsion. The model organothiols used in this work include 

ethanethiol (ET), butanethiol (BuT), 1,2-ethanedithiol (EDT) (Figure 4.1). 1,3-bis(3′-

butylimidazolium)benzene dichloride salt ((BBIB)Cl2) is used as a model electrolyte to 

probe the ion pairing of thiolated AuNPs. Citrate-reduced AuNPs with a nominal 

diameter of 13 nm were used in this study (Figure 2.3). For the sake of simplicity, the 

samples are abbreviated with A/(B/C) to represent a three-component mixture in which 

the two components in the parenthesis are mixed first before the addition of the third 

component. 
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Figure 4.1 Molecular structures of model ligands used in this study. 

4.3 Experimental section 

4.3.1 Materials and equipment 

All chemicals were purchased from Sigma-Aldrich and used as received. 

(BBIB)Cl2 salt was synthesized according to the previous work.98 LabRam HR800 

confocal Raman microscope was used for Raman and SERS acquisitions with 633 nm 

laser. pH measurements were obtained using Denver Instrument UB-5 UltraBASIC pH 

meter. Olis HP 8452 diode array spectrophotometer was used to obtain UV-vis 

measurements. Nanopure water (18 MΩ-cm) was used to wash the samples and 

preparation of samples. 

4.3.2 AuNP synthesis 

AuNPs were synthesized using the same citrate reduction method described in the 

experimental section in chapter two. 
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4.3.3 pH measurements of organothiol binding to AuNPs 

A 100 mL of as-synthesized AuNPs were centrifuged and the supernatant was 

replaced with water to remove the excess citrate. This washing step was conducted 2 

times and AuNPs were concentrated to 1.0 mL. The washed AuNPs was split into equal 

volume portions (0.5 mL each) in which the top layer containing the supernatant of the 

washed AuNPs and the bottom layer containing the AuNPs. 0.5 mL of 10 mM 

organothiol dissolved in 50% EtOH/water cosolvent was added into each portion and the 

vortex mixed. The pH measurements of both layers were conducted after overnight 

sample incubation. 

4.3.4 Normal Raman and SERS spectral acquisitions 

Normal Raman spectra of organothiols were acquired for both intact organothiol 

and organothiol dissolved in 1 M NaOH. SERS spectra were acquired for the AuNPs 

aggregated with pre-defined concentrations of organothiols. All Raman and SERS spectra 

were taken with laser power before objective of 13 mW and 1.3 mW, respectively. 

4.3.5 Competitive ligand binding onto AuNPs 

A 0.5 mL of 100 µM (BBIB)Cl2 and 0.5 mL of 100 µM ET was vortex mixed and 

1.0 mL of as-synthesized AuNPs was added to this mixture. The vortex mixed 

AuNP/ligand mixture was incubated overnight allowing the AuNP aggregates to settle to 

the bottom of the vial and SERS spectra were acquired. In the case of adenine, 0.5 mL of 

100 µM (BBIB)Cl2 and 0.5 mL of 100 µM adenine was vortex mixed and this mixture 

was added to 1.0 mL of as-synthesized AuNPs and the AuNP/ligand mixture was 

incubated overnight before SERS acquisition. In case of four body mixture, 0.5 mL of 
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150 µM of each ligand (ET, (BBIB)Cl2, and adenine) was vortex mixed and 1.5 mL of 

as-synthesized AuNPs was added to that. The SERS spectra were acquired after 

overnight sample incubation. SERS spectra were acquired for the AuNP aggregates with 

200 s acquisition time. 

4.3.6 X-ray photoelectron spectroscopy (XPS) analysis 

XPS measurements were acquired for the AuNPs aggregated with potassium 

halide salts deposited on the silicon wafers after the AuNP aggregates were thoroughly 

washed. The samples were dried with N2 gas before the XPS measurements. A Thermo 

Scientific K-Alpha XPS system equipped with a monochromatic X-ray source at 1486.6 

eV corresponding to the Al Kα line was used in the XPS analysis. The spot size was 400 

µm2 and the takeoff angle of the collected photoelectrons was 90˚ relative to the sample 

surface. The pass energy for the acquisition of the survey spectra and high resolution core 

level spectra were 200 eV and 50 eV, respectively. The average scans for each sample 

was 20 with a step size of 0.1 eV. All the measurements were performed in the Constant 

Analyzer Energy mode and “Avantage v5.932” software was used in XPS data analyzing. 

The XPS measurements were performed by Dr. Felio Perez in University of Memphis. 

4.3.7 Computational simulations 

Since the exact number of net charges on the AuNPs cannot be determined, a very 

simple model was used to calculate the electrostatic repulsion among charges adsorbed 

on Au surfaces. For simplicity, the double layer effect was not considered in the 

simulations and the medium between charges was treated as water with a relative 

permittivity of 80.The relative permittivity of a metal cannot be measured at zero 
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frequency and it was assumed that a perfect conductor has a relative permittivity of one 

which is the same as a vacuum and the relative permittivity of alkane molecule is about 

2.147 

The calculated results will be different when double layer effect is included and 

the permittivity of AuNPs and alkane molecule is considered, however, the qualitative 

conclusion should be still the same. In the simulations, a combined molecular dynamics 

and steepest gradient decent method was used to find the coordinates of N singly charged 

species on a 13 nm diameter sphere and then the Columbic repulsion among N charges 

was calculated using Columbic law. The computational simulations were performed by 

Dr. Shengli Zou in University of Central Florida. 

4.4 Results and discussion 

4.4.1 Organothiol binding onto AuNPs 

The sulfur-bound hydrogen (RS-H) atoms are released as protons upon 

organothiol self-assembling onto AuNPs. This conclusion is drawn on the observation 

that organothiols binding to AuNPs acidifies the ligand binding solutions (Figure 4.2). In 

this experiment, the as-synthesized AuNPs were centrifugation concentrated and 

extensively washed with water before mixing with organthiols (Figure 4.2A). The 

reasons to use washed and concentrated AuNPs, instead of the as-synthesized AuNPs are 

two folds. The concentrated AuNPs is to ensure that the amount of organothiol adsorption 

is large enough to produce appreciable solution pH change. The AuNP washing is to 

reduce excess citrate in the as-synthesized AuNP solution that can act as a buffer to 

complicate pH measurement. Indeed, even with the extensively washed AuNP 

aggregates, the amount of proton released to ligand binding solution is slightly more than 
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half of the amount of organothiol adsorbed onto the AuNPs.137 One possible reason is 

that the part of the less-than-expected proton released is that not all the organothiol 

binding to AuNPs follows the deprotonation pathway. Another possibility is that some of 

the proton retain adsorbed onto the AuNP surface, either binding to residue citrate that 

have not been displaced by organothiol, or directly binds to AuNPs as the counterion to 

the negatively charged thiolate. 

The proton detected in AuNP/organothiol solutions must originate from the 

organothiol deprotonation on AuNPs, but not due to ligand displacement in which 

adventitious proton adsorbed onto AuNPs are displaced by organothiols. No pH change 

was observed when dibutyldisulfide (DBDS) onto AuNPs (Figure 4.2B). The lacking of 

the pH change in the DBDS ligand binding solution excluded the possibility of the proton 

released to the AuNP solution in the AuNP/ET and AuNP/BuT solution is because of the 

ligand displacement.  

Figure 4.2 (A) Schematic representation for determining pH change induced by 
organothiol binding onto AuNPs in water. (B) pH change induced by 
organothiol binding onto AuNPs in water detected by pH meter. 

Besides of the pH measurement data, another critical supporting evidence that 

organothiol binds to AuNPs through deprotonation pathway is the comparison of the 
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SERS spectra of BuT and DBDS (Figure 4.3). The S-H stretching Raman peak (~2600 

cm-1) in neat BuT (Figure 4.3a) is absent in BuT in 1 M NaOH (Figure 4.3b) suggesting 

that BuT is in thiolate form in 1 M NaOH.41,148,149 BuT adsorption onto AuNP is evident 

from the absence of the S-H stretching Raman peak (~2600 cm-1) in the BuT SERS 

spectra (Figure 4.3c),41,148,149 while DBDS adsorption onto AuNP is experimentally 

confirmed by the disappearance of disulfide (S-S) stretching Raman feature in the ~500 

cm-1 region (Figure 4.3e) compared to neat DBDS in Figure 4.3f .148,149 These results 

indicate that the S-H peak in BuT and the S-S peak in DBDS are both cleaved upon their 

binding to AuNPs (Figure 4.3c and 4.3e). 

However, the SERS spectra of the BuT in water is much more similar to the 

SERS spectrum of BuT dissolved in 1 M NaOH (Figure 4.3c and 4.3d), but different 

from the SERS spectra of DBDS adsorbed onto AuNP in water (Figure 4.3e), particularly 

for the spectral feature from 1000 cm-1 to 1500 cm-1 region. Since BuT in 1 M NaOH is 

in their thiolate forms before mixing with AuNPs (Figure 4.3b) and therefore they must 

be adsorbed as thiolates onto AuNPs. The fact that SERS spectra of BuT in water is 

similar to that of the butanethiolate in 1 M NaOH but different from the disulfide-cleaved 

DBDS on AuNP strongly indicates that the BuT binds to AuNP as thiolate, but not as the 

charge neutral radical on AuNPs (RS•) as that for DBDS adsorption on AuNPs. These 

SERS data, in combination with the pH measurement should provide conclusive evidence 

that the alkanethiol binding to AuNPs proceeds predominantly through the deprotonation 

pathway. In contrast, if the alkanethiol binding to AuNP is through the radical pathway 

(RSH RS• + H•), the SERS spectra of BuT in water should be similar to that of the 
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DBDS, but different from that of BuT in 1 M NaOH, and there should have been no 

proton releasing upon BuT binding to AuNPs. 

Figure 4.3 (a) The normal Raman spectrum of neat BuT, (b) the normal Raman 
spectrum of BuT in 1 M NaOH, (c) the SERS spectrum obtained by mixing 
AuNPs with BuT in water, (d) the SERS spectrum obtained by mixing 
AuNPs with BuT in 1 M NaOH, (e) the SERS spectrum obtained by 
mixing AuNPs with DBDS in water, and (f) the normal Raman spectrum of 
neat DBDS. 

Notes: The numbers are the scaling factors for the spectral features in the ~2500-3100 
cm-1 region in comparison to its spectral features below ~1500 cm-1 region. The nominal 
concentration of BuT in normal Raman and SERS spectra are 5 mM, and 100 µM, 
respectively. The nominal concentration of DBDS in SERS spectrum is 100 µM. The 
nominal concentration of AuNPs is 6.5 nM. The red dash lines at ~500 and ~2600 cm-1 

are correspond to the peak positions of S-S and S-H, respectively. 

The fact that alkanethiol adsorption as thiolate indicates that ligand binding 

system must cope with the electrostatic repulsion among negatively charged thiolate 

accumulated on AuNPs. It is impossible to experimentally quantify such electrostatic 

repulsion. In this work, we computed the Coulombic potential energy as a function of the 
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number of evenly distributed thiolate anions on AuNPs (Figure 4.4) by treating individual 

thiolate ion as a point charge. The most important learning from data in Figure 4.4 is that 

without EDL or ion pair formation, it is impossible even for 75 negatively-charged 

thiolate to pack onto a 13 nm AuNP. This corresponds to an organothiol packing density 

on AuNPs of 23.4 pmol/cm2. This is because even at this exceedingly small packing 

density, the Coulombic potential energy of the ionic species is 650 kJ/mol, which is 

significantly higher than chemical bonding energy (~250 kJ/mol).  

Figure 4.4 Computationally modeled Coulombic potential energy among the singly 
charge ionic species on AuNP as a function of number of evenly-
distributed likely-charged species on a 13 nm AuNP.  

The experimental saturation alkanethiol packing density on AuNPs is ~1.7 

nmol/cm2,41 corresponding to a total of more than 5000 negatively-charged thiolates on a 

13 nm AuNPs. Since the Coulombic potential energy calculated for 75 likely-charged 

species for the AuNP is already higher than covalent bonding energy (Figure 4.4), the 

ligand binding system must have had a mechanism to reduce the charge repulsions 
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among the negatively-charged thiolates on AuNPs in order for the thiolate to be stable on 

AuNPs. 

4.4.2 Reduction of electrostatic repulsion among thiolates by ion pairing 

Ion pairing, instead of EDL formation is most likely the predominant pathway for 

the ligand binding system to reduce the electrostatic repulsion among the thiolate ions 

assembled onto AuNPs. This conclusion is drawn on following theoretical consideration 

and experimental measurements. The experimental packing density of ~1.7 nmol/cm2 for 

organothiol binding to AuNPs, indicating that the footprint of alkanethiol on AuNPs is 

less than 10 Å2 on AuNPs.41 This value is comparative to the cross-section of the methyl 

groups in alkanethiol chain, leaving no room to accommodate water molecules together 

with solvated ionic species. This, in combination with the strong hydrophobicity of the 

hydrocarbon chain of the alkanethiol on AuNP should eliminate the possibility of the 

formation of EDL immediately surrounding the AuNP surfaces. 

Even one assumed that EDL formation on the immediate AuNP surface is 

possible by water intercalated into the alkylthiol layer, such EDL is inadequate to 

stabilize thiolate on AuNPs. This conclusion is drawn on the basis of the SERS study of 

alkanethiolate and alkanedithiolate binding to AuNPs (Figure 4.5). In this experiment, the 

mono- and di-thiols were first reacted with 1 M NaOH so the RS-H is completely 

ionized. The latter is confirmed by the Raman measurements in which the relatively 

strong S-H stretching Raman peak at the ~2600 cm-1 region51,149,150 in the Raman spectra 

obtained with the intact organothiol totally disappeared in the spectra obtained with their 

1 M NaOH solution. 
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There is an intense disulfide bond (S-S) bond formation for the alkanedithiolate 

adsorbed onto the AuNP surfaces. This is concluded on the appearance of the disulfide 

(S-S) stretching feature in the alkanedithiolate SERS spectra at ~500 cm-1 region (Figure 

4.5B).149,151,152 Such disulfide bond is totally absent in the ethanethiolate SERS spectrum 

(Figure 4.5A). 

Figure 4.5 Normal Raman and SERS spectra of (A) ET and (B) EDT. (a) and (b) are 
the normal Raman spectra obtained with the intact analyte and the analyte 
dissolved in 1 M NaOH, respectively. (c) and (d) are the SERS spectra of 
the organothiol in water, and 1 M NaOH, respectively. 

Notes: The numbers are the scaling factors for the spectral features in the ~2500-3100 
cm-1 region in comparison to its spectral features below ~1500 cm-1 region. The nominal 
concentration of ET in normal Raman and SERS spectra are 5 mM, and 100 µM, 
respectively. The nominal concentration of EDT in normal Raman and SERS spectra are 
5 mM, and 250 µM, respectively. The nominal concentration of AuNPs is 6.5 nM. The 
red dashed lines at ~500 and ~2600 cm-1 are correspond to the peak positions of S-S and 
S-H, respectively. 

Control experiments indicate that these disulfide bonds are formed after the 

dithiolates are attached to AuNP surfaces. Without AuNPs, there is no detectable 
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disulfide formation in sodium dithiolate solution even when the ethanedithiolate was 

incubated in water for 10 days (Figure 4.6). 

Figure 4.6 (a) SERS spectrum of ethanedithiolate incubated in water for 10 days. (b) 
Normal Raman spectrum of ethanedithiolate incubated in water for 10 
days. 

Notes: The numbers are the scaling factors for the spectral features in the ~2500-3100 
cm-1 region in comparison to its spectral features below ~1500 cm-1 region. The nominal 
concentration of ethanedithiolate in normal Raman and SERS spectra are 5 mM, and 250 
µM, respectively. The nominal concentration of AuNPs is 6.5 nM. The red dash line at 
~500 cm-1 corresponds to the peak position of S-S. 

The charge-neutral disulfide bonds are formed primarily between the distal sulfide 

ions in two dithiolate that are not directly attached to AuNPs. Otherwise, disulfide 

formation should also be observed in alkylmonothiol adsorbed onto AuNPs. 

Energetically, the thiolate-to-disulfide conversion on AuNP is driven by the electrostatic 

repulsion among the likely charged thiolate densely packed on AuNP surfaces. This 

conclusion is supported by the computational modeling (Figure 4.4) that shows the 

Coulombic potential energy among monolayer assembled thiolate is significantly higher 

than covalent binding energy. This thiolate-to-disulfide charge neutralization indicates 

that EDL formation is inadequate even for protecting the distal thiolate which is close to 
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water phase. This is in spite of the fact the electrostatic repulsion among the distal 

thiolate must be smaller than that for the inner thiolate because of the AuNP curvature, 

and the EDL formation must be more effective in reducing the electrostatic repulsion 

among the distal thiolate than that for the inner thiolate because of the distal thiolate is in 

direct contact with water. The fact that only the distal thiolate, but not the inner thiolate is 

neutralized through the disulfide bond formation on AuNP strongly indicates that ion 

pairing is the predominant mechanism for the ligand binding system to reduce the 

electrostatic repulsion among the thiolate directly attached to AuNP surfaces. 

Experimental confirmation of ion pairing formation on organothiol-functionalized 

AuNPs was shown with SERS spectra obtained with AuNPs mixed with ET and 

(BBIB)Cl2 (Figure 4.7A). (BBIB)2+ forms ion pairs with Cl- on AuNPs in the 

AuNP/(BBIB)Cl2 sample as indicated by the concurrent appearance of the (BBIB)2+ and 

Cl- SERS feature obtained with the AuNP/(BBIB)Cl2 sample (Figure 4.7A(a)). This result 

is consistent with the recent study of (BBIB)2+ and halide ion pairing on AuNP 

surfaces.119 However, it is the ethanethiolate that pairs with (BBIB)2+ when ET is added 

together with (BBIB)Cl2 onto AuNPs (Figure 4.7A(c)). No significant SERS spectral 

feature of Cl- was observed in the AuNP/(ET/(BBIB)Cl2) sample. 

The concurrent appearance of (BBIB)2+ and ET thiolate SERS features on the 

thiolated AuNPs is due to the ion pair formation, but not because (BBIB)2+ and thiolate 

has comparable binding affinity to AuNPs. This conclusion is drawn on the experimental 

data shown in Figure 4.7B that indicate the binding affinity of (BBIB)2+ onto AuNPs 

depends critically on the anion that can be adsorbed onto AuNPs. Without adenine, both 

(BBIB)2+ and Cl- are coadsorbed onto AuNP surfaces (Figure 4.7A(a)). However, in the 
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presence of adenine, neither (BBIB)2+ nor Cl- can be detected in the SERS spectrum 

obtained with  the AuNP/((BBIB)Cl2/adenine) sample (Figure 4.7B(b)). Instead, adenine 

is the predominant species on the AuNPs. This result indicates that binding affinity of 

(BBIB)2+ and Cl- ion pair or their individual ions to AuNP is smaller than that for 

adenine. However, there is no detectable adenine SERS feature in the SERS spectrum of 

AuNP/((BBIB)Cl2/ET/adenine). Instead, both (BBIB)2+ and ET thiolate SERS features 

appeared in the SERS spectra obtained with this sample (Figure 4.7B(c)). Since the 

absence of (BBIB)2+ SERS feature in the AuNP/((BBIB)Cl2/adenine) (Figure 4.7B(b)) 

excludes the possibility for (BBIB)2+ having higher binding affinity to AuNP than 

adenine, the presence of the (BBIB)2+ SERS feature in the 

AuNP/((BBIB)Cl2/ET/adenine) sample  must be due to the (BBIB)2+ and thiolate ion pair 

formation on AuNPs. 
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Figure 4.7 (A) SERS spectra of (a) AuNP/(BBIB)Cl2, (b) AuNP/(ET), and (c) 
AuNP/((BBIB)Cl2/ET). (B) SERS spectra of (a) AuNP/adenine, (b) 
AuNP/((BBIB)Cl2/adenine), (c) AuNP/((BBIB)Cl2/adenine/ET). 

Notes: The numbers are the scaling factors for the spectral features in the ~700-1700 cm-1 

region in comparison to its spectral features below ~600 cm-1 region. The nominal 
concentrations of AuNPs, ET, and (BBIB)Cl2 are 6.5 nM, 25µM, and 25µM, respectively. 
The nominal concentrations of AuNPs, adenine, ET, and (BBIB)Cl2 are 6.5 nM, 25µM, 
25µM, and 25µM, respectively. 

Direct experimental detection of the cations that are coadsorbed with thiolate on 

AuNPs in organothiol and AuNP mixture is currently impossible (Figure 4.7A(b)). These 

cations can be protons produced by organothiol deprotonation on AuNP surface or other 

cations presented in the as-synthesized AuNP solutions before the organothiol addition.  

Indeed, the as-synthesized AuNPs are rich in ionic adsorbates including citrate and 

chloride. These ionic species are highly resistant to water washing and ligand 

displacement.153 The presence of these anions indicates that the as-synthesized AuNP 

solution must also contain cations to maintain charge-neutral as a whole. These cations 

can be alkali metal ions such as sodium from sodium citrate, and proton from HAuCl4, the 

two reactants used in AuNP synthesis. These cations can be coadsorbed with anions on 
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AuNPs, confined in the electrical double layer of the anion-attached AuNPs, or dispersed 

in the AuNP solution in the colloidal AuNP solutions. Compared to proton, the alkali 

metal ions should be much easier to be coadsorbed onto AuNPs as the counterion to the 

adsorbed thiolate. This is because of the highest solvation energy of alkali metal is 520 

kJ/mol,154-156 drastically smaller than the solvation energy of proton (1090 

kJ/mol).154,156,157 Unfortunately, however, none of these cations is Raman active, 

excluding the possibility for SERS detection of thiolate/metal cation ion pairing on 

AuNPs. 
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Figure 4.8 Columns indicating the curve-fitted XPS data and SERS spectra of  (A) 
(AuNP/KCl), (B) (AuNP/KBr), and (C) (AuNP/KI). 

Notes: 1st and 2nd rows are the XPS data of Au4f and K2p, respectively. 3rd row is the 
curve-fitted XPS data of halide ions. Au4f7/2 peak in all the samples has a binding energy 
~84 eV, corresponding to the 0 oxidation state of AuNPs. The peaks of Br3d5/2 in 
(AuNP/KBr), and I3d5/2 in (AuNP/KI), at 67.6 and 618.9 eV, respectively, are assigned 
for the -1 oxidation states of the corresponding halides. All the peak assignments in XPS 
are performed based on the XPS data in the NIST database. 4th row is the SERS spectra 
of (AuNP/KCl), (AuNP/KBr), and (AuNP/KI). The nominal concentrations of AuNPs 
and electrolytes are 6.5 nM, and 1 M, respectively. 

Attempt to use XPS to detect the cations co-adsorbed with thiolate is unsuccessful 

either. It is known that XPS sensitivity differs significantly for different elements. 

Control experiments conducted with AuNP treated with 1 M potassium halides salts 

(KCl, KBr, and KI) shows that iodide and bromide give rise to a detectable XPS signal, 
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but there is no detectable Cl- and K+ signal in the XPS spectra (Figure 4.8). This is in 

spite of the fact the halide adsorption onto AuNP is clearly evidence from the appearance 

of the Au-X stretching Raman feature in the SERS spectra of the AuNP treated with KX 

(X=Cl-, Br-, and I-) (Figure 4.8) and there must be a cation that is coadsorbed with the 

anion onto the AuNPs used for the XPS analysis. Nonetheless, the collective 

experimental data and the computational results shown in this work strongly indicate that 

the organothiol binding to AuNPs in water follow the deprotonation pathway, and ion 

pairing must have occurred on thiolated AuNPs in order to stabilize the negatively-

charged monolayer-assembled thiolates on AuNP surfaces. 

4.5 Conclusions 

Organothiol binding to AuNPs in water proceeds through deprotonation pathway 

in which the organothiols retain on AuNP surface as the negatively charged thiolate ions. 

Therefore, the organothiol interaction with aqueous AuNPs should be studied as 

electrolyte binding to AuNP in which the effect of charge repulsion among negatively 

charged thiolate must be considered in the mechanistic understanding of the energetics 

associated with the organothiol self-assembly process. The computational and 

experimental data shown in this work strongly indicates that ion pairing is likely the 

predominant pathway for the ligand binding system to reduce the electrostatic repulsion. 

Otherwise, it is impossible for organothiol to be densely packed as intact thiolate on 

AuNP surfaces. The insights provided in this work are important not only for 

comprehensive mechanistic understanding of organothiol binding to gold, but also for 

studying electrolyte interactions with NP surfaces. 
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Notes: This work has been previously published: Perera, G.S.; Gadogbe, M.; Alahakoon, 
S.H.; Zhou, Y.; Zou, S.; Perez, F.; Zhang, D., Ion Pairing as the Main Pathway for 
Reducing Electrostatic Repulsion among Organothiolate Self-assembled on Gold 
Nanoparticels in Water. J. Phys. Chem. C 2016, 120, 19878-19884. 
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