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The mechanism of organothiol (OT) binding to gold has remained controversial
for decades. There are three mechanisms proposed for OT binding to gold surfaces. The
first is the radical pathway in which the sulfur-bound hydrogen atoms (RS-H) are
released as hydrogen atoms which eventually converted into hydrogen gas. Second is the
deprotonation pathway in which the sulfur-bound hydrogen atoms leave as protons. Third
is direct adsorption in which the RS-H bonds remain intact on the gold surface. This
study demonstrates a combined pH and surface enhanced Raman spectroscopic study of
organothiol binding to citrate- and borohydride-reduced gold nanoparticles (AuNPs) in
polar (water), moderately polar (dichloromethane), and nonpolar (toluene,hexane)
solvents. Thiol deprotonation provides a unified pathway for OT binding to AuNPs
regardless of solvent polarity of the ligand binding solutions. This work should contribute
to resolve the long-standing debate on the fate of the sulfur-bound hydrogen of
organothiols self-assembled on gold.
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INTRODUCTION
Self-assembly of organothiols(OTs) and thiolated biomolecules has been used
extensively for surface modification of noble metal surfaces including gold, silver, and
platinum.1-4 Despite decades of research on the structures, conformations, and reactions
on OTs on gold surfaces,2, 3, 5-8 controversies remain regarding the fate of the sulfur-bond
hydrogen (RS-H) upon the OT binding to gold. There are three proposed mechanisms for
OT binding to gold. The first is the radical pathway in which the RS-H hydrogen atoms
are released as radicals that are eventually converted into hydrogen gas.9-13 For example,
Mattiesen et al. reported that a quantitative amount of molecular hydrogen is released
when dodecanethiol and phenylethanethiol are mixed with colloidal gold nanoparticles
prepared with the solvated metal atom dispersion method in acetone.11 The second is the
deprotonation pathway in which the RS-H atoms are removed from the organothiols as
protons.14-17 For example, Ansar et al. stated that adding OT to citrate-reduced AuNPs in
aqueous solution acidifies the ligand binding solutions.17 The released protons can be
readily measured with a simple pH meter,17 or even a piece of pH paper.18 The third
pathway is direct adsorption in which the RS-H bond remains intact on the gold
surface.19-22 For example, on the basis of their nuclear magnetic resonance measurements,
Hasan et al. proposed that sulfur-bound hydrogen atoms remain intact for OTs selfassembled onto monolayer-protected gold clusters in benzene.22 Rzez´nicka et al. and
1

Nuzzo et al. also reported alkanethiol adsorptions on gold (111) surfaces without S-H
bond scission.20, 21
This study reports the finding that the deprotonation pathway is the predominant
mechanism for OT binding to both the citrate-reduced and sodium borohydride-reduced
AuNPs synthesized in water, regardless of the polarity of the solvent in which binding
takes place. The model solvents employed in this work include (Figure 1.1) water,
dichloromethane (DCM), hexane, and toluene, a group including highly polar (water),
modestly polar (DCM), and totally nonpolar (hexane and toluene). Therefore, they are a
set of good representative solvents for studying the solvent effects on organothiol binding
to AuNPs.

Figure 1.1

Molecular structures of the model solvents

The model organothiols used in this work include (Figure 1.2) two alkylthiols,
ethanethiol (ET) and benzyl mercaptan (BM), and one arylthiol, 4-fluorothiophenol
(FTP) (Figure 1).
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Figure 1.2

1.1

Molecular structures of the model organothiol

Fundamentals of pH
The degree of acidity or basicity of a solution is measured in terms of pH. More

precisely, pH measures the hydrogen ion concentration, ([H+]) in the solution. In 1909 a
Danish biochemist Soren Peter Lauritz Sorensen defined the pH as the negative logarithm
of the hydrogen ion concentration.23
 ܪൌ  െ  ሾ ܪା ሿ

(1.1)

Where,
ሾ ܪା ሿ – Hydrogen ion concentration in mol/L
Even though in practice, pH is defined as equation 1.1, theoretically pH is considered as
the negative logarithm of the hydrogen ion activity ሺܽு ሻ
 ܪൌ  െ  ܽு

(1.2)

The hydrogen ion activity is expressed as,
ܽு ൌ ሾ ܪା ሿǤ ߛ

(1.3)

Where,
ሾ ܪା ሿ - Molar concentration of hydrogen ions
ߛ - Activity coefficient
3

The activity coefficient describes the interactions of hydrogen ions with chemical species
present in the solution.
The pH value ranges from 0 to 14 in the pH scale. A pH of 7 is considered to be
the center of the pH scale and it is neither acidic nor basic. A pH below 7 is called acidic
while pH above 7 is called basic. In addition, a 10-fold change in hydrogen ion
concentration represents a change of one pH unit.24, 25

1.1.1

Determination of pH value
A variety of ways exist to measure the pH in an aqueous solution. The most

common way of measuring pH is using a pH meter which is consisted with a reference
electrode and an H+ sensitive glass electrode. Indicators26 and colorimeters27 are also used
as alternative methods.
Indicators are papers of a specifically designed materials that change color upon
exposure to solutions of certain pH. The color of these wetted papers is matched with a
standard color code to infer the pH value of the relevant solution where the pH paper was
dipped. These kinds of pH papers are typically used in preliminary studies to measure the
pH. Though these pH papers are quite inexpensive, it cannot be used for continuous pH
monitoring processes.
In colorimeters, reagent is added to the sample filled glass vial and then the color
of the solution is compared to a standard color wheel or spectral standard to interpolate
the pH value. The disadvantage of this method is, that it can only be used to measure the
pH of grab samples and cannot use for continuous on-line pH measuring.27

4

In general, a pH meter is preferred for more precise and continuous measuring
instead of colorimeters or indicators.

1.2

Raman spectroscopy
The Indian physicist C. V. Raman discovered the Raman phenomenon in 1928. In

1931, he was awarded the Nobel Prize in Physics for his discovery and systematic
exploration. Raman spectroscopy is a type of scattering technique used widely in
analytical fields that functions by the vibrational motions of molecules.28, 29

1.2.1

Theory of Raman spectroscopy
In Raman spectroscopy, a powerful laser with a monochromatic radiation is

employed as the excitation source. The molecules are first excited to an un-quantized
state called a virtual state through irradiation with monochromatic beam of energy. In this
excitation, the energy of the system is raised by the electric field of the laser for an instant
by inducing a polarization in the probed molecules.30 (Figure 1.3)

Figure 1.3

Light scattering by an induced dipole moment due to an incident
electromagnetic wave.30
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Then the relaxation of the excited molecules occurs from the virtual state to the
ground electronic state through light scattering. In this relaxation, the frequency of some
of the scattered photons is shifted with respect to the excitation frequency. These shifts
are considered as characteristics of the probed molecules. This inelastic light scattering
where, the frequency of photons in the monochromatic beam changes upon interaction
with the probe molecules is termed as the Raman effect. Importantly, the selection rules
for Raman scattering require a change in the polarizability of the molecules during the
vibration.

1.2.2

Wave model of Raman & Rayleigh scattering
When a laser beam is illuminated on an analyte sample, induced dipole is

generated in the electron cloud of the analyte bond due to the interaction of the
radiation.29
ܲ ൌ ߙܧ

(1.4)

Where,
ܲ

- Induced dipole moment

ߙ

- Polarizability of molecule

ܧ

- Electric field strength of excitation wavelength

If the incident radiation beam has a frequency of ߥ , the electric field  ܧof the laser beam
can be described as follows.
 ൌ   ሺʹɎɋ ሻ
Where,
ܧ

- Amplitude of the electric field
6

(1.5)

ߥ

- Frequency of incident radiation

ݐ

- Time

The polarizability of the bond ߙ, varies with the distance between nuclei as follows,
ப

Ƚ ൌ Ƚ  ሺ െ ୣ୯ ሻሺ ப୰ ሻ

(1.6)

Where,
ߙ

- Polarizability of the bond at the equilibrium internuclear separation

ߙ

- Polarizability at any instant

ݎ

- Equilibrium internuclear separation

ݎ

- Internuclear separation at any instant

The change of internuclear separation is related to the molecular vibration frequency as
follows,
 െ ୣ୯ ൌ ୫  ሺʹɎɋ୴ ሻ

(1.7)

Where,
ݎ

- Maximum internuclear separation

ߥ୴

- Frequency of molecular vibrations

Therefore,
ப

Ƚ ൌ Ƚ  ቀ ቁ ୫  ሺʹɎɋ୴ ሻ
ப୰

(1.8)

By substituting and rearranging the equations above, the induced dipole moment can be
written as,
ப

 ൌ Ƚ   ሺʹɎɋ ሻ   ୫ ቀ ቁ ሺʹɎɋ୴ ሻ ሺʹɎɋ ሻ
ப୰
Using trigonometric identities, the above equation can be re-written as follows,

7

(1.9)

 ൌ Ƚ   ሺʹɎɋ ሻ 

బ
ଶ

ப

బ

ப୰

ଶ

୫ ቀ ቁ ሾʹɎሺɋ െ ɋ୴ ሻሿ 

୫ ሾʹɎሺɋ  ɋ୴ ሻሿ
(1.10)

There are 3 types of radiation scattered by the molecules: ߥ ǡ ߥ െ ߥ୴ and ߥ  ߥ୴
(Figure 1.4). The first scattered frequency ߥ is an elastic scattering referred to as
Rayleigh scattering which has a frequency corresponds to the incident frequency. The
latter two frequencies are categorized as inelastic scattering or Raman scattering. The
down-shifted frequencyߥ െ ߥ୴ , which has a longer wave length is referred to as stokes
scattering while the up-shifted frequencyߥ  ߥ୴ , which has a shorter wave length is
referred to as anti-stokes scattering. These three scattering types are also shown in
equation 1.10 where the first, second and third terms correspond to the Rayleigh, Stokes
and anti-Stokes scattering respectively.
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Figure 1.4

Energy level diagram of the states involved in Raman signal

Generally the Raman measurements are determined based on the Stokes scattering
due to the fact the majority of molecules are found in the ground state at room
temperature giving high intense peaks.
1.3

Surface functionalization
Surface functionalization of noble metal nanoparticles (NPs) can be achieved with

various organic and biological molecules. It can be defined as a strategy of tuning the
interfacial properties of NPs to provide necessary functionality and stability and target
specificity for specific applications.
9

Molecules having high affinity toward NP surface and the ability to displace
extrinsic adsorbates on the surface of the metal NPs are employed as ideal molecules for
functionalization of the NP surfaces. Self-assembled monolayers (SAMs) present a
common platform of tuning the interfacial properties in nano-science field. SAMs are
ordered monolayers of organic assemblies formed by the adsorption of molecular
constituents on to the surface of NPs from solution or the gas phase.2 There are three
common approaches used for the surface functionalization of NPs. The first one is
functionalization with a ligand of interest in the synthesis of NPs. One example is the
Brust-Schiffrin synthesis where the thiols are directly added during the synthesis.31 The
second is addition of the ligand after the synthesis process of NPs. In this particular case,
the ligand of interest should have the capability of displacing the capping ligand around
the NP surface and then forming a covalent bond with the metal surface. For example,
use of thiols to functionalize citrate-capped AuNPs.32 The third is the specific
conjugation of already existing adsorbate on the NPs to an incoming ligand.33 OTs,
amines and phosphines are used widely to functionalize AuNPs through covalent bonding
or non-covalent interactions such as physisorption and electrostatic interations.2, 34-36 But
due to the fact of having high affinity of thiol groups for AuNPs, OTs (organic molecules
with thiol functional groups) are most commonly used as the surface functionalization
adsorbates on AuNPs. It is well established fact that gold forms relatively strong Au-S
bonds2 (̱ 40 kcal / mol) between the OT and AuNP surface.
Incubation or immersion of the AuNPs in the freshly prepared OT solutions for
approximately 12-18 h at room temperature, are the two most common approaches used
for the formation of SAMs. Though the adsorption of the OTs on the AuNP surface is
10

fast, (usually within a few seconds to minutes of time), the re-organization process of the
chains takes several hours. In addition, temperature, immersion time, solvent, purity of
OT, chain length and oxygen content of the solution are some other factors reported in
the literature which may affect the formation kinetics of SAMs on AuNP surfaces.2, 37

1.4

Gold nanoparticles
Among the noble metal NPs, AuNPs are becoming increasingly popular and

important due to their unique chemical and physical properties. These physical and
chemical properties of AuNPs can vary significantly from its bulk material form due to
the high percentage of surface atoms. For example, gold has a yellow color in its bulk
form while AuNPs are wine red or purple, and while bulk gold form is unreactive, the
AuNPs show catalytical activity. AuNPs commonly apply in various fields such as drug
delivery,38 chemical catalysis39 and material science40 due to its unique catalytic
activities, target specificity, stability and bio-compatibility.
Generally, AuNPs are prepared using sodium borohydride or citrate reduction of
chloroaurate (AuCl4-) in the presence of a stabilizer, with the latter being the most
prevalent method. In 1951, Turkevich et al. developed this method to synthesize stable
AuNPs in water. They produced AuNPs approximately 20 nm in diameter.41 In this
method, citrate acts as both the capping agent and reducing agent. In 1973, Frens et al.
successfully synthesized AuNPs in size range of 16-150 nm by varying the ratio of
AuCl4- to citrate.42 In addition to AuCl4- reduction by sodium citrate method, in the two
phase Brust-Schiffrin method, sodium borohydride has been used in the presence of thiol
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as the capping agent. Brust et al. synthesized small NPs in range of 1-3 nm from this
method.43

1.5

Analytical techniques for probing organothiol interactions on nanoparticle
surfaces
Various analytical tools are used for the characterization, quantification and

comprehensive understanding of nanoparticle chemistry and surface science. But the
application of these techniques is quite challenging due to the lack of spatial resolution at
the discrete nanoparticle level. Fourier transform infrared spectroscopy (FT-IR),44 X-ray
photoelectron spectroscopy (XPS),45, 46 nuclear magnetic resonance (NMR)22, 47 and
surface-enhanced Raman spectroscopy (SERS)48 are some of the analytical techniques
employed in studying adsorption mechanisms and structures of OTs at AuNP surfaces.
XPS is particularly attractive in terms of characterizing surface molecules. It provides
highly useful information about elemental composition and the charge states of the
species adsorbed onto the surfaces. XPS was employed in studies of differentiating bound
and unbound OT molecules on AuNP surfaces by Volkert et al. In addition, they
calculated the packing density of OT on AuNP surface using Au:S peak ratio with respect
to different OT concentrations.49 Zhang et al found that mercaptopyridiene binds to
AuNPs through the S atom rather than N atom based on S and N atoms binding energies
with atoms. They also demonstrated that mercaptopyridiene binds to the AuNP surface
via a thiolate form rather than a thione form.45 In addition to these benefits of XPS, the
induced damage caused by the X-ray radiation to the surface molecules can lead to
misrepresentations of the results and incorrect conclusions50 regarding the structure and
composition of SAMs.
12

1

H and 13C NMR are also used to characterize structural properties of small OTs

adsorbed on to AuNP surfaces.47 The interactions between 6-mercaptohexanoic acid and
AuNPs were studied by Haes et al using 1H NMR. They reported that the proton signal
associated with the S-H group is absent in 6-mercaptohexanoic acid functionalized
AuNPs and a change of peak from quartet to triplet in the neighboring proton on C 6.
Using all of these observations they concluded that protons in the S-H group are either
absent on the 6-mercaptohexanoic acid or exists close to the AuNP surface.51 A drawback in NMR method is that peak broadening which can lead to featureless NMR spectra.
Because of this reason, some peaks disappear prevents the complete structural
characterization of OT binding to AuNPs.
Vibrational spectroscopic techniques such as IR and Raman are extensively
employed in studying conformational orientations and structures of adsorbates on AuNP
surfaces.52, 53 For example, the OT adsorption onto AuNP surfaces via S-H bond
cleavage was reported using FTIR of an OT/AuNP mixture. This phenomenon was
reported due to the absence of IR stretching band at 2550 cm-1 which corresponds to the
S-H stretching vibration.54 Even though FT-IR provides advantages such as simplicity of
procedure of spectral acquisition over other methods, this technique’s applicability can be
restricted due to drawbacks in sensitivity, spectral interference from solvents and
resolution.
In contrast, SERS is attractive because of its high molecular specificity and
sensitivity in studying adsorption mechanisms and interfacial structures of adsorbed
molecules on to AuNP surfaces. All of these benefits are due to the strong
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electromagnetic enhancement experience by the adsorbates on AuNP surfaces and this
phenomenon is discussed later.55, 56
UV-Vis spectroscopy also a technique used for qualitative studies of interactions
of OTs with AuNPs. All of these studies utilize an optical property called, localized
surface plasmon resonance which will also be discussed later in this work. The latter
sections provide the information of fundamental principles of localized surface plasmon
resonance and SERS employed largely in this study.

1.6

Localized surface plasmon resonance (LSPR)
AuNPs exhibit strong optical properties different from bulk gold and these

properties are widely researched.57, 58 Among these properties, LSPR is particularly
interesting due to its unique and strong UV-Vis extinction (absorption and scattering)
band which is absent in bulk gold form.57, 59
When the incident light interacts with the small spherical shaped AuNPs, it causes
for a collective oscillation of conduction band electrons in resonance with the incident
light. This phenomenon is called LSPR. Because of LSPR, metal NPs exhibit strong
extinction spectra at their relevant LSPR frequencies. Thus the spectrum is defined to be
a LSPR spectrum.58, 60 Figure 1.5 shows the schematic illustration of surface plasmon
oscillation for spherical NPs.61
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Figure 1.5

Schematic representation of plasmon oscillation for a spherical NP.

The LSPR spectra of NPs are affected by their size and shape, the diffraction
index of the medium, the dielectric environment and the aggregation state of the NPs.58, 61
For examples, 13 nm citrate capped AuNPs show extinction peak maxima at ̱ 520 nm
while 30 nm citrate capped AuNPs show extinction maxima at ̱ 528 nm in their
extinction spectra.62, 63
The LSPR of NPs ranging from 10 - 100 nm increases with the particle size,
which results in an increase in extinction coefficient of AuNPs.61 Such a size dependent
LSPR variation can be explained using the Mie theory64 (Equation 1.11).

య

 ൌ

ଶସகమ ୖయ கమ౫౪


ቂሺக

கమ
భ ାଶக౫౪ ሻ

మ ାகమ
మ

ቃ

Where,
ܥఒ

- Extinction cross section for the nanoparticles

ܴ

- Radius of the nanoparticles

ߣ

- Wavelength of the electromagnetic wave
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(1.11)

ߝ௨௧

- Complex dielectric (function of frequency) of the metal particle
embedded in the surrounding medium

ߝଵ and ߝଶ

- Dielectric constant of real and imaginary parts of the material

Besides the size dependency, LSPR also varies in accordance with the proximity
of NPs. For example, a red shifted LSPR is observed when the NPs are aggregated.
During this aggregation the solution turns from red to blue as a result of plasmon
coupling between neighboring NPs. In addition, the LSPR also causes an enhanced local
electromagnetic field near to the surface of NPs which ultimately enhances the signal
observed in SERS.

1.7

Surface enhanced Raman spectroscopy
SERS can be categorized as a Raman spectroscopic technique. SERS produces

enhanced Raman signals from Raman-active analyte molecules that are adsorbed or when
the analyte is in close proximity to the colloidal metal particles. SERS signals differ in
beneficial way from Raman signals by having surface selectivity and finger print like
sensitivity.65, 66 Furthermore, the enhancement of the signal intensities has been observed
of ̱108 order of magnitudes compared to the normal Raman signal in the past
experiments.55, 67 Because of these facts, SERS has been used widely as a powerful
analytical tool to study the ligand adsorption onto metal surfaces like Au, Ag and Cu.
Usually gold and silver NPs with various sizes, shapes and compositions are been utilized
as SERS substrates. In addition, in this study SERS has been utilized to study spectra in
organic and aqueous environment too. Though the mechanism for the SERS enhancement
is still controversial, two factors are commonly taken in to account for the signal
16

enhancement in literature: the long-range electromagnetic effect (EM) and short-range
chemical effect (CE).
The majority of the SERS enhancement is due to the EM contribution typically of
106 orders of magnitude.68-70 This EM enhancement occurs by the resonance of the
incident electromagnetic field with the surface plasmon of metallic NPs.71 The CE is
caused by the charge transfer interactions between the adsorbed analyte molecules and
the metal NPs with a lower enhancement of Raman signal of about 102 orders of
magnitude.56, 72, 73
The following equation expresses the correlation of the electric field induced
(ܧௗ௨ௗ ሻ at the surface of a small metallic spheres and the electric field of incident
radiation (ܧ ) as follows,74

୧୬ୢ୳ୡୣୢ ൌ ൜

கభሺಡሻ ିகమ

கభሺಡሻ ାଶகమ

ൠ 

(1.12)

Where,
ߝଵሺఠሻ - Frequency dependent dielectric function of metal
ߝଶ

- Relative permittivity of the ambient phase

The hot-spots, which are defined as strongly localized regions of high field
intensities, contribute more over the electromagnetic enhancement. To have more hotspots, NPs have to be in close proximity. This phenomenon is in accordance with the
theoretical prediction of smaller the inter particle distance, the higher the EM
enhancement over the entire NP surfaces.75-77 Usually for SERS spectral acquisition, a
small interparticle gap is accomplished through inducing aggregation. For example,
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addition of electrolytes such as KCl and NaCl ,78 drop drying nanoparticle colloidal
solutions and analyte adsorption are commonly used for this aggregation process.79-81
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CHAPTER II
MATERIALS AND METHODS
2.1

Materials and equipment
All chemicals were purchased from Sigma-Aldrich. Nanopure water (18.2 MΩ

cm) was used throughout the experiments including sample washing and sample
preparation. LabRam HR800 confocal Raman microscope system equipped with a HeNe
633 nm laser was used for Raman and SERS spectral acquisition. A capped NMR tube
was used as the sample holder for the Raman and SERS spectra acquisitions. UV-Vis
spectra were obtained with Olis HP 8452 diode array spectrophotometer. A Denver
Instrument UB-5 UltraBASIC pH meter was used for pH measurements.

2.2

Synthesis of citrate-reduced 13 nm and 30 nm AuNPs
Citrate-reduced ~13 nm AuNPs were synthesized according to the previous

report.42 In brief, HAuCl4.3H2O (0.415 g) was first dissolved in 1000 mL water and the
solution was brought to boil. 100 mL of 1% trisodium citrate dehydrate was added and
the mixture was boiled for further ~ 20 min while stirring. The average diameter of the
synthesized AuNPs was determined as ~13 nm (Figure 2.1) on the basis of the AuNP
UV-Vis spectrum. The citrate-reduced ~30 nm (Figure 2.2) AuNPs were synthesized
using the reported seeded-growth method.62
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Figure 2.1

UV-vis spectra of citrate-reduced (black) ~13 nm AuNPs and (red) ~30 nm
AuNPs.

The particle size of the AuNPs was estimated on the basis of the AuNP LSPR peak
wavelengths.63, 82
2.3

Synthesis of sodium borohydride (NaBH4)-reduced AuNPs
NaBH4-reduced AuNPs were synthesized with modifications to the previous

report.83 In brief, 30 mL of 0.1 M NaBH4 was added to 1000 mL of 0.25 mM
HAuCl4.3H2O and the mixture was stirred for 3 h.

Figure 2.2

UV-vis spectra of borohydride-reduced ~10 nm AuNPs.

The particle size of the AuNPs was estimated on the basis of the AuNP LSPR peak
wavelengths.63, 82
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2.4

pH measurements of organothiol adsorption onto aggregated AuNPs
As-synthesized AuNPs of 150 mL was aggregated with 1 M KNO3 and allowed to

settle to the bottom of the flask after overnight incubation. The aggregated AuNPs were
then transferred to a 4.5 mL glass vial for solvent-washing and OT binding in different
solvents. For OT binding in water, the AuNP aggregates were washed nine times with
Nanopure water. The washed AuNP-containing sample was split into two equal volume
portions (1 mL each) with only the bottom portion containing AuNP aggregates. 0.5 mL
15 mM OT dissolved in 50% EtOH/water co-solvent was then added into each of the two
portions and pH was measured one day after the OT addition.
For the OT binding to AuNPs in organic solvents, the water-washed AuNP
aggregates were sequentially washed nine times each with 4 mL of the water-miscible
solvent tetrahydrofuran (THF), and then again nine times with the final solvent that used
in the ligand binding. The washed AuNP-containing samples were split into two equal
volume portion (1 mL each), and only the bottom portion contains aggregated AuNPs.
0.5 mL 15 mM OT in the organic solvent was then added into each of the two portions.
After one day, 1.5 mL water was added into each of the portion and briefly vortex-mixed
with the organic solutions. The pH of the aqueous layer was determined after the phase
separation completed as shown in the scheme 3.1 and 3.2.
2.5

Normal Raman and SERS spectral acquisitions
Normal Raman spectra of OTs were obtained for both neat OT and OT dissolved

in 1 M NaOH. BM and FTP dissolved in NaOH, water, hexane, toluene, and DCM were
added to the solvent washed pre-aggregated AuNPs and incubated overnight. BM and
FTP adsorbed AuNP aggregates were washed extensively with the corresponding solvent
21

to remove the excess OT. The AuNP aggregates were transferred to a NMR tube to
prevent the solvent evaporation during the SERS spectra were acquired. All Raman and
SERS spectra were taken with the ten times objective lens and 13 mW and 1.3 mW laser
powers respectively.
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CHAPTER III
RESULTS AND DISCUSSION
3.1
3.1.1

Solvent effect on deprotonation pathway
Raman and SERS analysis
The RS-H bond in OTs is cleaved upon OT binding to AuNPs, regardless of the

solvent of the ligand binding solutions. This conclusion is derived from the solventdependent SERS obtained with BM and FTP adsorbed onto the citrate-reduced AuNPs
(Figure 3.1) and the sodium borohydride-reduced AuNPs (Figure 3.2). The prominent SH stretching feature in ~2600 cm-1 region84, 85 in the intact thiols disappeared in the
SERS spectra obtained for OT binding to AuNPs in all solvents. Furthermore, the SERS
spectra obtained with neutral OT binding to AuNPs are identical to the SERS spectra
obtained with OT dissolved in 1 M NaOH (spectrum (c) in Figure 3.1). In the latter
samples, the OTs are totally deprotonated after mixing with AuNPs as evident from the
absence of the S-H stretching Raman feature in spectrum (d) to (g) of Figure 3.1. These
data indicate that the RS-H bond are cleaved for the OT adsorbed onto AuNPs regardless
of the solvents used in the ligand binding. The most likely scenario for OT binding to
AuNPs in organic solvents is that the OTs on AuNPs are ionized into protons and
thiolates as that seen in OT binding to AuNPs in water. This explains why the SERS
spectra obtained with the OT on AuNPs in organic solvents are highly similar to that
obtained in water (Figure 3.1, 3.2).
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Figure 3.1

Raman and SERS spectra of (A) BM and (B) FTP adsorbed onto citratereduced AuNPs.

(a) and (b) are the normal Raman spectra obtained with the neat organothiol and
organothiol dissolved in 1 M NaOH, respectively. (c), (d), (e), (f) and (g) are the SERS
spectra of the organothiol in 1 M NaOH, water, hexane, toluene, and DCM, respectively.
The spectra in (A) and (B) are normalized to the peaks denoted by '*'. The normalization
factors for the individual spectra are shown in red. The numbers in black are the scaling
factors for the spectral features in the ~2300-3200 cm-1 region in comparison to its
spectral features below ~1700 cm-1. The within-spectrum scaling was performed before
spectrum normalization.
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Figure 3.2

Raman and SERS spectra of (A) BM and (B) FTP adsorbed onto
borohydride-reduced AuNPs

(a) and (b) are the normal Raman spectra obtained with the neat organothiol and
organothiol dissolved in 1 M NaOH, respectively. (c) and (d) are the SERS spectra of the
organothiol in water and DCM, respectively.
The spectra are normalized to the peaks denoted by '*'. The between-spectrum
normalization factors for the individual spectra are shown in red. The numbers in black
are the within-spectrum scaling factors to normalize the spectral features in the ~23003200 cm-1 region on the basis of that below ~1700 cm-1 region. The within-spectrum
scaling was performed before between-spectrum normalization.

3.1.2

pH measurements
In a typical ligand binding experiment, 150 mL as-synthesized AuNPs were first

aggregated with 1M of KNO3 and then washed extensively with water to remove
chemical residues from the AuNP synthesis and aggregation. For organic binding in
organic solvents, the water-washed AuNPs were subsequently washed nine times with
25

water-miscible THF as an intermediate solvent, which was followed with nine washing
with the final organic solvent to ensure complete solvent change. The final volume of the
ligand binding solutions is 1.5 mL, 100 times smaller than the starting volume of the assynthesized AuNPs.
No hydrogen bubbling was observed in any of the ligand binding samples. In
contrast, substantial pH reduction occurred in the ligand binding solutions. Such pH
change can be readily determined using a pH meter and even the pH strips commonly
used in undergraduate student’s labs. The pH change induced by OT binding in water
was detected as shown in Scheme 3.1 (A), while the proton released by OT binding to
AuNPs in organic solvents was conducted as shown in Scheme 3.1 (B) for DCM and
Scheme 3.2 (A) and (B) for hexane and toluene, respectively. In here, the OT/AuNP
binding solution in the organic solvents was divided into two equal volume aliquots with
only the bottom portion containing the AuNP aggregates before adding the OT. Then
OTs were added to these two aliquots, and they were kept overnight. After vortex mixing
each aliquot with an equal volume of water, the solution was left to sit for ~ 30 min to
allow water/organic solvent phase separation. The proton released by OT binding to
AuNPs in organic solvent was detected on the basis of the pH values of the water mixed
with the organic solvents (Figure 3.3).
However, the protons generated from the OT binding to AuNPs in the organic
solvents must remain directly attached to the thiolated AuNPs or in close vicinity to the
thiolated AuNP surface due to the low solvation energy of protons in organic solvents.
This explains why only the water added into AuNP-containing aliquots is acidified, but
there is no significant pH change in the water added to the AuNP-free aliquot in the
26

organic solvents (Figure 3.3). The proton release induced by water addition to the
OT/AuNP mixture in organic solvents is due to the high proton hydration energy.86-88

Scheme 3.1

Schemes for determination of the pH change induced by organothiol
binding to AuNP in (A) water and (B) DCM.

Only bottom layer of samples contain AuNPs. The nominal concentration of the
organothiol in the organothiol/AuNP solution is 5 mM and the amount of the assynthesized AuNP used for producing AuNP aggregates is 150 mL.
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(A)

Scheme 3.2

Schemes for determination of the pH change induced by organothiol
binding to AuNP in (A) hexane and (B) toluene respectively

Only the bottom layer of samples contain AuNPs. The nominal concentration of the
organothiol in the organothiol/AuNP solution is 5 mM and the amount of the assynthesized AuNP used for producing AuNP aggregates is 150 mL.
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(A)

(E)

(B)

(F)

(C)

(G)

(D)

(H)

Control

Figure 3.3

ET

BM

FTP

Determination of pH change induced by organothiol binding to citratereduced AuNPs in (A, E) water, (B, F) DCM, (C, G) hexane and (D, H)
toluene.

The pH values in (A), (B), (C) and (D) are determined with a pH meter and (E), (F), (G)
and (H) are determined with the pH papers. The controls are the split bottom and top
layers of the solvent-washed AuNP aggregates before organothiol addition. Only the
bottom layer control and samples contain AuNPs. (a) top-layer of control, (b) bottomlayer of control, (c) top-layer of ET/AuNP solution, (d) bottom-layer of ET/AuNP
solution, (e) top-layer of BM/AuNP solution, (f) bottom-layer of BM/AuNP solution, (g)
top-layer of FTP/AuNP solution, and (h) bottom-layer of FTP/AuNP solution. The
nominal organothiol concentration is 15 mM and the amount of as-synthesized AuNPs
used for preparing the AuNP aggregate is 150 mL.
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3.2

Size of the AuNP’s effect on deprotonation pathway
The mechanism of OT binding to citrate-reduced AuNPs is most likely

independent of the AuNP size. This can be proved by using citrate-reduced AuNPs with a
nominal diameter of 30 nm. The SERS spectra obtained with the citrate-reduced AuNPs
with a nominal diameter of 30 nm are identical to that obtained with 13 nm AuNPs in all
the explored solvents (Figure 3.4).

Figure 3.4

Raman and SERS spectra of (A) BM and (B) FTP.

(a) The normal Raman spectra obtained with the neat organothiol. (b) The SERS spectra
of the organothiol acquired on citrate-reduced 13 nm AuNPs in water.
(c), (d), (e), (f), and (g) are the SERS spectra of the organothiol acquired on citratereduced 30 nm AuNPs in 1 M NaOH, water, hexane, toluene, and DCM, respectively.
The spectra in (A) and (B) are normalized to the peaks denoted by '*'. The normalization
factors for the individual spectra are shown in red. The numbers in black are the scaling
factors for the spectral features in the ~2300-3200 cm-1 region in comparison to its
spectral features below ~1700 cm-1 region. The within-spectrum scaling was performed
before between spectrum normalization
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3.3

AuNP reducing agent effect on deprotonation pathway
Moreover, the pH changes observed with OT binding to AuNPs synthesized with

NaBH4 as a reducing agent are also similar to that of OT binding to citrate-reduced
AuNPs (Figure 3.5). This indicates that OT binding to both the citrate- and NaBH4reduced AuNPs follows the same deprotonation pathway. The citrate- and NaBH4reduced AuNPs were chosen because they are among the most popular AuNPs in
nanoparticle research.4, 38, 89, 90

Figure 3.5

Determination of the pH change induced by organothiol binding to
borohydride-reduced AuNPs in (A, C) water and (B, D) DCM.

The controls are the split top and bottom aliquots before organothiol addition. (a) toplayer of control, (b) bottom-layer of control, (c) top-layer of ET adsorbed AuNP
aggregates, (d) bottom-layer of ET adsorbed AuNP aggregates, (e) top-layer of BM
adsorbed AuNP aggregates, (f) bottom-layer of BM adsorbed AuNP aggregates, (g) toplayer of FTP adsorbed AuNP aggregates, and (h) bottom-layer of FTP adsorbed AuNP
aggregates. The nominal organothiol concentration is 5 mM and the amount of assynthesized AuNPs used for preparing the AuNP aggregate is 150 mL.
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3.4

Control experiment for acidification
The significant pH reduction associated with OT binding to AuNPs in water

provides unambiguous evidence that OT binding to AuNPs in water proceeds through the
deprotonation pathway. This is because the sulfur-bound hydrogen is the only ionizable
hydrogen species in these OTs. Our control experiment excludes the possibility that the
protons released by OT binding to AuNPs are protons already adsorbed onto AuNPs in
the AuNP synthesis solutions. No pH change is observed when dibutyldisulfide (CH3
(CH2)3S-S-(CH2)3-CH3) is adsorbed onto aggregated AuNP control (Figure 3.6). This
indicates the proton released to the ligand binding solutions must have originated from
the OT molecules that are assembled onto AuNP surfaces.
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Figure 3.6

SERS spectra and pH change induced by dibutyldisulfide binding to
AuNPs in water.

(A) Raman and SERS spectra of dibutyldisulfide (DBDS). Spectra (a), (b), and (c) in (A)
are normal Raman spectrum of neat DBDS, SERS spectrum of DBDS acquired on assynthesized citrate-reduced AuNPs, and SERS spectrum of DBDS acquired on preaggregated citrate-reduced AuNPs, respectively. pH changes induced by DBDS binding
to pre-aggregated citrate-reduced AuNPs in water detected with pH meter(B) and pH
paper (C).
All spectra are normalized to the peak denoted by '*'. The between-spectrum
normalization factors for the individual spectra are shown in red. The within-spectrum
normalization factor is to scale the peak intensity in the ~2300-3200 cm-1 region on the
basis of that below ~1700 cm-1 region. The within-spectrum scaling was performed
before between-spectrum normalization. In section (C), the controls are the split top and
bottom aliquots before DBDS addition. (a) top-layer of control, (b) bottom-layer of
control, (c) top-layer of DBDS adsorbed AuNP aggregates, and (d) bottom-layer of
DBDS adsorbed AuNP aggregates. The nominal DBDS concentration is 5 mM and the
amount of as-synthesized AuNPs used for preparing the AuNP aggregate is 150 mL.

3.5
3.5.1

Importance of using aggregated AuNPs over as-synthesiszed AuNPs
SERS analysis
The AuNPs used in OT binding are aggregated and extensively washed in order to

minimize the chemical interference on the SERS and pH measurements from the
chemical residues from AuNP synthesized solution and the aggregation agents.
However, the insights derived from these aggregated AuNPs are likely applicable to the
as-synthesized AuNPs in solutions. This is supported by the observation that SERS
33

spectra obtained with OT mixed pre-aggregated AuNPs are identical to that of the OTs
directly added into AuNPs dispersed in solution (Figure 3.7).
3.5.2

pH measurements
Using aggregated, but not the as-synthesized AuNPs has several critical

advantages. First, it provides convenience for solvent-washing and sample handling. For
example, upon aggregation, the 150 mL as-synthesized colloidal AuNPs turned into large
agglomerates that can be readily transferred into a 4.5 mL glass vial for subsequent
solvent-washing and OT binding. Second, it allows relatively large amount of OTs to
bind to gold in small volume of the ligand binding solution. This is critical for reliable
pH measurement if the OT binding to AuNPs follows the deprotonation pathway, or
sufficient hydrogen bubble generation in case the radical pathway dominates.
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Figure 3.7

Comparison of the SERS of (A) BM and (B) FTP adsorbed onto (a) assynthesized and (b) pre-aggregated AuNPs.

SERS spectra are normalized to the peaks denoted by '*'. The between-spectrum
normalization factors are the numbers in red. The numbers in black are the withinspectrum normalization factor that scales the spectral features in the ~2300-3200 cm-1
region on the basis of that below ~1700 cm-1 region.
3.6

Conclusions
In conclusion, using a combination of SERS and pH measurements, this study

demonstrated that OT binding to citrate- and NaBH4-reduced AuNPs follows the same
deprotonation pathway regardless of the solvent polarities and the size of the AuNPs.
While the SERS study indicates that S-H bonds are cleaved upon the OT assembling onto
AuNPs, the pH measurements offer unambiguous evidence that such cleavage is through
the deprotonation or ionization pathway. Therefore this work should help to settle the
long debated fate of the sulfur-bound hydrogen of OTs self-assembled on gold.
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COLOR CHANGES OF PH PAPERS FOR STANDARDS
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Figure A.1
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Color changes of pH papers for the standard pH solutions.

The pH values are mentioned at the top of each pH strip
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