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ABSTRACT

A detailed understanding of the conformation of adsorbed molecules and regional
surface functionalization of metal nanoparticles (MNPs) is challenging for nanometer-
size (10 - 100 m) materials and necessary for fundamental studies and applications. The
studies are motivated by open questions related to surface chemistry of noble MNPs.
Although citrate-stabilized gold NPs (AuNPs) have been widely used, the citrate layer is
not well-understood. Thiols have been suggested to displace citrate anions adsorbed on
metal surfaces due to strong gold-sulfur interaction, but quantitative experimental
evidence of the extent of ligand-exchange has not been reported. Whereas
asymmetrically-functionalized AuNPs are utilized for nanoparticle assembly due to the
interparticle coupling of localized surface plasmons, the interface between asymmetric
nanoparticles in single assemblies has not been studied. Noble MNPs with sizes smaller
than citrate-stabilized AuNPs also need to be surface-modified for stability in water for
biological applications. The dissertation presents investigations of the chemical and
physical properties of gold and silver NPs (AgNPs) related to ligand adsorption at the
metal surface. Firstly, self-assembled layers of citrate adsorbed on AuNP (111), (110),
and (100) surfaces were proposed, based on geometric considerations and spectroscopic
investigations by infrared (IR) and X-ray photoelectron spectroscopy (XPS). Adsorption
characteristics of citrate are the unique structure of adsorbed species, intermolecular

interactions through hydrogen bonds and van der Waals attractions, bilayer formation,



surface coverage, nanoparticle-stabilization role, and chirality. Secondly, IR and XPS
studies showed coadsorption of thiolate on the surface of citrate-stabilized AuNPs. Steric,
chelating effects and intermolecular interactions are the origins of the strong adsorption
of citrate on AuNP surfaces. Surface coverage was determined from XPS analyses.
Thirdly, an exclusive placement of Raman probe molecules (4-nitrobenzenethiol) at
junctions (hot-spots) of AUNP dimers was achieved through an asymmetric
functionalization approach. The orientation of asymmetric nanoparticles in dimers and
the location of Raman probes were investigated using surface-enhanced Raman scattering
(SERS). A linear correlation of SERS signal with hot-spot population and a SERS
enhancement factor are presented. Lastly, AuNPs and AgNPs of small sizes (< 5 nm)
were synthesized in water using poly(allylamine). Ligand-exchange by thiols was

demonstrated by IR spectroscopy and transmission electron microscopy analyses.
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CHAPTER 1

DISSERTATION INTRODUCTION

11 Citrate-stabilized gold nanoparticles

Citrate-stabilized gold nanoparticles (Citrate-AuNPs) have been used as
nanomaterials for various studies and applications including nanoparticle assembly,1
optical, photothermal2 and electrochemical studies,3 biological imaging,4 sensing,5 and
medical® - applications including drug delivery. Citrate is the conjugate base of citric
acid (2-hydroxypropane-1,2,3-tricarboxylic acid), which reduces gold ions to atoms and
stabilizes formed gold nanoparticles (AuNPs) during a solution-based synthesis (Figure
1.1). A size-controlled method of the citrate-AuNP synthesis was developed in the early
1970’s, which is called the standard Turkevich-Frens method,910 although AuNPs have
been used since ancient times.11 Through this method, citrate-stabilized AuNPs can be
obtained with sizes between 10 - 100 nm diameter by adjustment of the ratio of the Au?:Ti+
and citrate concentrations used in the reaction. Oscillation of conduction electrons in the
AuNPs, which is called a localized surface plasmon resonance (LSPR), produces a strong
visible absorbance and scattering, and the size-dependent optical properties and
assemblies of individual AuNPs are primary topics relating to manipulation of the LSPR

behavior.



Citrate as a reducing agent

(0] o 0
‘e H OCe | [ |
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products of citrate

Citrate as a stabilizing agent

°0 gC?0
OH OH OH
(B) °0°000° +
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gold atoms H2citrate citrate-stabilized
a z gold nanoparticles

Figure 1.1. Roles of citrate during synthesis of gold nanoparticles (Turkevich-Frens
method). (A) reducing agent; (B) stabilizing agent. Protonation depends on pH.

1.2 Citrate conformation on the AuNP surface

In contrast to the large number of investigations focused on utilizing citrate-AuNPs
for various applications, the details of the conformation of citrate on the AuNP surface
are still unknown. Figure 1.2A and B illustrate two examples of the coarse configurations
of citrate layers on AuNPs in recently published articles. In these reports, a multilayer of
surface citrate was proposedﬁ (illustration A) and in the second article, a more general
picture is presented without depicting the coordination of adsorbed citrate13 (illustration
B). Although the citrate structure generally has been neglected, understanding of the
conformation of the adsorbed citrate layer can have a significant influence on answering
questions related to a number of interfacial phenomena observed for citrate-AuNPs such
as particle aggregation,14 surface charge, 15 linker conjugation, 16 particle growth

. 7 . P . . 19
mechanism, ~ nanoparticle catalytic activity,  and ligand exchange reactions. ™ For



In this study
Second layer
(C) First layer
N N
Side view
.., '-1) ol 14 A
A A A '
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Figure 1.2. Comparison of understandings of citrate layers on citrate-AuNPs. (A, B)
Examples of the coarse understanding found in the literature; (C) a molecular-level
understanding proposed in this study, which shows a significant development of the
understanding of the citrate layer on AuNP surfaces. In (A and B), yellow and red
spheres are AuNPs, and surface citrates are represented as negative signs. In (C), surface
gold atoms (orange spheres) on a gold (111) surface are depicted as a space-filling model
whereas citrate molecules are shown as a ball-and-stick model. ((A): Reprinted with
permission from Dahl, J. A.; Maddux, B. L. S.; Hutchison, J. E. Chem. Rev. 2007, 107,
2261, Figure 31. Copyright 2007 American Chemical Society, (B): Reprinted with
permission from Ivanov, M.; Bednar, H. R.; Haes, A. J. ACS Nano 2009, 3, 388, Scheme
1 Copyright 2009 American Chemical Society)

instance, the entire citrate layer as stabilizer can be incorporated into mechanism studies
of the particle formation. A detailed study of the coordination of carboxylate and
hydroxyl groups of the adsorbed citrate on AuNP surfaces also can provide insights for
the binding interactions of biomolecules® on metal surfaces, including amino acids and
other small organic molecules® possessing carboxylic and/or hydroxyl functional groups.

In this dissertation, citrate self-assembly on AuNP surfaces is proposed at a molecular



level including detailed intermolecular interactions of surface citrates (Figure 1.2C),
which were studied by Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and geometry-based modeling on the surfaces of
AuNPs. The proposed pattern of the citrate organization is consistent with atomic-
resolution transmission electron microscopy (TEM) images of the citrate bilayer on
AuNPs® and published scanning tunneling microscopy (STM) images of an ordered

citrate layer on a Au(111) surface.”

This research is an example of a detailed study of
organic layers on metal NPs, which is generally challenging to investigate due to the
curvature and size of NPs.

Researchers have investigated citrate conformation on a planar gold surface, but the
previously proposed structure is not accurate and needs to be modified. Nichols and co-
workers proposed the coordination of all three carboxylate groups of adsorbed citrates on
a gold (111) surface. Based on the citrate structure proposed by Nichols and co-workers
(inset in Figure 1.3A), Bai and co-workers interpreted a citrate adsorption image from
STM on a gold (111) surface,” but the interpreted molecular configuration displayed on
the STM image is about twice as large as the actual one (Figure 1.3A). Moreover, the
patterned STM image of citrate adsorption cannot be explained by the citrate structure
proposed by Nichols and co-workers since there is no functional group of the adsorbed
citrate available for lateral interaction on the surface. Atomic-resolution TEM analysis
indicates a bilayer formation of surface citrate on AuNPs,? but interpretation of the
citrate layer at a molecular level was not attempted due to the lack of information about
citrate structure (Figure 1.3B). The previously proposed conformation of citrate on the

planar gold (111) surface® can neither suggest intermolecular interaction® nor explain

the long-range ordered assembly of citrate molecules revealed by the STM image23 as



0 20 40 6.0 8.0 10.0
nm
Figure 1.3. Two important images for this study relating to a citrate layer on gold
surfaces. (A) A STM image of citrate adsorption on a gold (111) surface and (B) an
atomic-resolution TEM image of citrate layers on citrate-AuNPs. In (A), white dots
represent citrate molecules. In (B), white curved lines around the particle indicate citrate
layers. (A: Reprinted with permission from Lin, Y.; Pan, G.-B.; Su, G.-J.; Fang, X.-H.;
Wan, L.-J.; Bai, C.-L. Langmuir 2003, 19, 10002, Figure 2. Copyright 2003 American
Chemical Society, B: Reprinted with permission from Lee, Z.; Jeon, K.-J.; Dato, A.; Erni,
R.; Richardson, T. J.; Frenklach, M.; Radmilovic, V. Nano Lett. 2009, 9, 3367, Figure 3.
Copyright 2009 American Chemical Society)

well as the formation of citrate Iayers.22 Therefore, the previously proposed citrate
conformation on the gold surface needs to be revised. The previous STM and TEM
images of citrate layers on the gold surface were used to aid the analysis of the data from

the study described in this dissertation (Figure 1.3).

13 Importance of the citrate conformation for citrate-to-thiol

ligand exchange of citrate-AuNPs
Due to the important role of surface chemistry of AuNPs, it is often desirable to
modify the surface functional groups to tailor the surface and chemical properties for

specific applications. The most commonly used approach for surface modification is to



exchange the adsorbed ligands which are incorporated during the synthesis with another
type of incoming ligand through a process called ligand exchange. Because thiols (R-SH)
have a strong affinity for metals such as Au and Ag and form organized self-assembled
monolayers (SAMs) on flat 2-D Au and Ag surfaces, ro-terminated thiols are often used
for ligand exchange for the formation of robust ligand shells on metal NPs. One of the
most common ligand exchange processes used is the replacement of citrates with
functionalized thiols on AuNPs. The common perspective has been that adsorbed citrates
are spontaneously replaced by incoming thiols,26 but direct evidence for initially adsorbed
citrate species to be desorbed from the surface of AuNPs has not been reported.
Considering the abundant examples in the literature of assuming or relying on complete
displacement of adsorbed citrate by thiols and the impact of residual citrates on surface

coverage,27 particle stability,28 linker conjugation on NP surface,” % particle-molecule

30 31 32 33

interaction, particle-ion interaction, intracellular activity, : and other

biological/medical applications,‘r’,7,8,34 it is important to investigate the citrate-to-thiol
ligand exchange.

Most experimental data indicate a decrease in the negatively-charged surface
potential on AuNPs19 or planar gold surfaces® after ligand exchange, but these data do
not necessarily prove complete replacement of citrate. Other surface ions, rather than
citrate molecules, may be replaced. It has been believed that the strong Au-S lattice
interaction leads to the spontaneous displacement of citrates by thiols, but other factors in
ligand exchange reactions on a metal surface including steric, chelating, solvent, and
kinetic effects, need to be considered. Due to the spectroscopic indications of the

adsorbed citrate species, direct spectroscopic evidence of the citrate desorption can be

obtained. Adsorption of thiols36 on the surface of citrate-AuNPs has been investigated,



which showed strong resistance of citrate to desorption by thiols. The ratio between the
amount of surface citrates and coadsorbed thiols, which was determined by XPS analysis,
is in good agreement with a calculated surface ratio based on the citrate model on a

Au(111) surface.

14 Asymmetric functionalization of metal NPs for specific placement
of molecules at assembly junctions

Assemblies of noble metal nanoparticles (NPs) give rise to localized electromagnetic
(EM) field enhancements in NP junctions by coupling of localized surface plasmons
(LSPs). This EM field enhanced region is often called a hot spot.37,38 Due to the strong
electric field enhancement at hot spots, NP assemblies including dimers, trimers, and 1-D
chains have been utilized as plasmonic nanomaterials3940 especially for surface enhanced
Raman scattering (SERS) applications.41 Many SERS studies have been based on
random NP aggregates which often result in irreproducible SERS responses from the
uncontrollable distribution42 and/or the minute population43 of hot spots, which hamper
systematic studies. In this regard, gold and silver NP dimers have been investigated as
SERS platforms, due to the generation of enhanced SERS signals from molecules located
in the junction hot spot.44-48 A challenge of using NP assemblies in SERS studies is the
rational attachment of Raman probe molecules at hot spot interfaces which are well-
defined in terms of the gap spacing as well as the location and surface coverage of Raman
probes. Probe placement is especially important in assemblies because of the strong
influence of the local fields. Placing Raman probes in a well-defined position even in a

single assemblyﬂ% enables fundamental understanding as well as helps to develop a

quantitative approach for SERS.



In order to understand the interface of the NP hot spot, it is desirable to utilize
asymmetrically functionalized metal NPs as building blocks for formation of well-
defined assembly junctions. Previously, Shumaker-Parry and co-workers demonstrated
that the asymmetric AuNPs acted as building blocks for NP assemblies including
dimers 49 and 1-D chains1 (Figure 1.4). This approach allows for controlled
functionalization in a spatially-localized region of individual NPs. The asymmetrically-
functionalized NPs are assembled in solution through covalent bond formationso or
attractive interactions between spatially localized ligands present on different particles.
During the NP assembly process, target molecules are exclusively adsorbed in this NP
region. In this study, positively charged ligands was used to stabilize NPs in solution
while using hydroxyl Iigandsf_’l,52 to induce formation of AuNP dimers through hydrogen
bonds and incorporating Raman-active molecules, 4-nitrobenzenethiol. Through the
dimer formation by the asymmetric functionalization method Raman probes are directed
to the junctions where field enhancements are expected leading to SERS from hot spots.

In this dissertation, a SERS study of AuNP dimers is presented with Raman probe

molecules directed to hot spots by the asymmetric functionalization approach. A linear

asymmetically-
functionalized
gold nanoparticles

citrate-stablized
Qfe iQ t 9olcl nan°Particles

" r " 1
NH3+ NH3ANR3F\  ?
v .Si, ~Si .Si. .
0 6| 6i '= 1st ligand =2nd ligand (B)
glass slide
Figure 1.4. Asymmetric functionalization approach prior to formation of AuNP dimers.

Using a silanized glass substrate to mask a region of the AuNP surface (Step A),
asymmetrically functionalized AuNPs (Step B) are produced.



relationship between SERS intensities and dimer formation yields has been observed,

which experimentally demonstrates the role of hot spots in generating SERS.

1.5 Synthesis of small AuNPs and silver nanoparticles using polymer*

Gold nanoparticles have received wide attention for application in photonics, 5354
electronic and optical detection systems,555 device development,5 therapeutics,57 and
catalysis. 8 Due to the requirements for control of nanoparticle size and surface
functionalization for this broad range of applications, different synthetic methods have
been developed to generate monodisperse AuNPs. The Brust methods9 and various
modificationse0 are useful for the generation of AUNPs having core sizes ranging from 1
to 4 nm. In the Brust method, the transfer of AuCl4 into toluene or chloroform is
performed using tetraalkylammonium bromide followed by reduction with sodium
borohydride in the presence of alkylthiols. Disadvantages of this method include
contamination of the synthesized particles with boride 61 and potential presence of
impurities introduced by the use of capping ligands which also hinder the surface
modification and functionalization of particles for particular applications. In addition,
reduction of gold salt to form AuNPs using amine-containing organic molecules has been
investigated,62 but most of the amine compounds used in those AuNP syntheses are
soluble only in organic solvents, and the reduction reactions must take place in an organic
solvent or in a biphasic system. As a result, the nanoparticles prepared using those
methods are not easily dispersed in agueous solution. To use the AuNPs in aqueous-based

or biological systems, it is necessary to functionalize the particles with ligands, which

‘Reproduced in part from Sardar, R.; Park, J.-W.; Shumaker-Parry, J. S. Langmuir 2007, 23, 11883-
11889. Copyright 2007 American Chemical Society
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facilitate phase transfer from an organic to an aqueous medium.

Alternative synthetic strategies based on using polymers as both the reducing and
stabilizing agent for the generation of stable metal nanoparticles without the use of an
additional stabilizing agent have been developed. Some polymers can fulfill the required
dual role as a reducer and stabilizer, which examples include poly(N-vinyl-2-
pyrrolidone),&3 poly(ethylene oxide),64 and poly(vinyl alcohols).e However, even in the
syntheses using those polymers, either the reduction reaction was carried out in organic
solvents or produced polydisperse nanoparticles. The major advantage of using a
polymer as a stabilizing agent is that it can be used to tailor the nanocomposite properties
and also to provide long-tem stability of the nanoparticles by preventing particle
agglomeration.e6 Although monodisperse particles may be synthesized using a thiolated
polymer, 67 the surface modification of those nanoparticles by nonthiolated ligands would
be difficult due to the strong sulfur-gold interaction and complete displacement by even
thiolated ligands would be difficult to achieve. On the other hand, an amine group has a
weak interaction with metal nanoparticles and can be easily replaced by a thiolated
ligand.e8

In this context, a suitable synthetic approach is desirable where the nanoparticles
could be stabilized by polymer-containing amine functional groups which can undergo
ligand exchange with a variety of thiolated ligands for specific nanoparticle applications.
Although poly(allylamine) (PAAm) was previously studied for its stabilizing ability,69
the polymer’s dual character both as reducing and stabilizing agent for the generation of
stable metal nanoparticles has not been reported yet. A simple, inexpensive, single-step
synthesis of gold nanoparticles was investigated with PAAm used both as a reducing and

a stabilizing agent (Figure 1.5). The synthetic method and ligand exchange are applied to



AuNP

Water

HAuCIl4-3H20 + 'AAmM
Reflux

NH2

PAAmM-Stabilized
Gold Nanoparticles

Figure 1.5. PAAm-induced synthesis and stabilization of gold nanoparticles in water

(Reprinted with permission from Sardar, R.; Park, J.-W.; Shumaker-Parry, J. S. Langmuir
2007, 23, 11885, Scheme 1 Copyright 2007 American Chemical Society)

generate AuNPs and silver nanoparticles (AgNPs) in aqueous solution

1.6 Main goal of the dissertation research

The main goals of the dissertation research were 1) investigation of the conformation
of citrate layers on citrate-AuNPs, 2) study of citrate-to-thiol ligand exchange for citrate-
AuNPs, 3) specific placement of Raman probe molecules at the junction of AUNP dimers
for hot-spot-based SERS studies, and 4) development of a new synthetic method of
AuNPs and AgNPs using polymers in water and subsequent ligand exchange reactions.

Firstly, the coordination of adsorbed citrate has been characterized by using
attenuated total reflectance infrared spectroscopy (ATR-IR) and XPS. After a specific
configuration of the adsorbed citrate was determined, intermolecular interactions between
surface citrates were identified, and a geometry-based model was used to propose self-
assembled layers of citrate adsorbed on (111), (110), and (100) surfaces of AuNPs. These
results are expected to provide insights about various interfacial phenomena of citrate-
AuUNPs, including a NP shape-formation mechanism as well as interparticle interactions

between individual NPs. Secondly, with aid of spectroscopic evidence of the adsorbed
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citrate on AuNPs, the desorption of citrate by incoming thiols was investigated, and the
origins of the strong resistance of the adsorbed citrate to desorption were suggested. The
resultant low surface coverage of thiols and remaining carboxylate/hydroxyl functional
groups on the metal surface will impact the popular approach for modifying the metal NP
surface by thiols. Thirdly, the asymmetric functionalization approach was used to place
Raman probes exclusively at the hot spots of AuNP dimers, and a relationship of the
SERS intensities with the hot-spot populations has been elucidated. This approach can be
used as a protocol for systematic SERS studies on NP assembly. Lastly, a new synthetic
method for poly(allyl)amine-coated AuNPs and AgNPs has been developed. Facile

ligand exchange reactions by various ro-terminated alkanethiols were demonstrated.

1.7 Outline of the dissertation

Chapter 2 presents an investigation of the conformation of surface citrates on AuNPs
using ATR-IR, XPS, and geometry-based modeling on AuNP surfaces. A specific
conformation of adsorbed citrate is proposed. The geometrical modeling and the
spectroscopy data are used to consider lateral and vertical interactions of adsorbed
citrates on AuNP (111), (110), and (100) surfaces. Intermolecular/interlayer spacing of
the adsorbed citrates, driving forces for citrate self-assembly, citrate bilayer formation,
chirality of the self-assembled layer of citrate, surface coverage, NP-stabilizing role, as
well as similar citrate adsorption on AgNPs and other metal NPs are discussed.

Chapter 3 describes ligand-exchange reactions of citrate-stabilized AuNPs by thiols.
From the IR and XPS spectroscopic characteristics of the adsorbed citrate, residual citrate
molecules adsorbed on AuNPs are probed after addition of thiol to the solution of AuNPs.

Coadsorption of incoming thiols on citrate-AuNPs, rather than a facile ligand exchange,



is demonstrated regardless of NP aggregation that is generally induced due to a decrease
in electrostatic repulsion. Surface coverage between thiol and citrate molecules is
quantitatively determined using XPS analysis. The strong resistance of surface citrate to
desorption is explained by steric and chelating effects as well as intermolecular
interactions.

Chapter 4 describes a method of a specific placement of Raman probe molecules in
the junctions (hot-spots) of AuUNP dimers, characterized by Raman scattering
spectroscopy. An asymmetric functionalization approach is used to direct Raman probes
to a small region of the AuNP surface. It is shown that the asymmetric NPs are aligned in
the dimers generating large SERS signals. Relationship between Raman intensities and
hot-spot populations are proposed. Correlation of the Raman intensities with change of
interparticle spacing and a SERS enhancement factor are presented.

Chapter 5 presents an investigation of a new simple method of synthesis of AuNPs
and AgNPs using poly(allylamine) in water. It is demonstrated that the polymer acts as
both reducing and stabilizing agents, and ligand exchange of the polymer by incoming

thiols is discussed with IR and TEM analyses.
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CHAPTER 2

CONFORMATION OF CITRATE MOLECULES ADSORBED ON

GOLD NANOPARTICLES

2.1 Introduction

One of the most common synthetic methods for preparation of gold nanoparticles
(AuNPs) is based on citrate reduction and stabilization. Citrate typically serves a dual
role in the variations developed based on the standard Turkevich-Frens method. 1-4
Citrate-stabilized AuNPs (citrate-AuNPs between 10 - 100 nm diameter) can be obtained
by adjustment of the ratio of the Au3L and citrate concentration used in the reaction. The
importance of controlling the nanoparticle size is related to the dependence of the optical
properties of citrate-AuNPs on the size of the nanoparticle core.56 The outer surface of
the citrate-capped AuNPs is composed of citrate coordinating to the Au NP surface atoms
by inner-sphere complexation of the carboxylate groups of the citrate as well as trace
amounts of AuCl4, Cl- and OH- on the metal surface.”? Citrate-AuNPs are commonly
employed as the materials for a wide range of metal nanoparticle based studies and
applications including nanoparticle assembly, 9, 10 optical, 11 photothermal 12 and
electrochemical studies, 13 biological imaging, 4 sensing,15, 16 and medical 13 , 17, 18
applications including drug delivery.

In contrast to the large number of investigations focused on utilizing citrate-AuNPs
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for various applications, the details of the conformation of citrate on the AuNP surface
are still unknown due to the challenges19 of studying the buried metal/organic interfaces
at a molecular level. Although the citrate structure has been generally neglected,
understanding of the conformation of the adsorbed citrate layer can have a significant
influence on answering puzzling questions related to a number of interfacial phenomena

20 22

observed for citrate-AuNPs such as particle aggregation,”-?? surface charge, - linker

15212226 31

conjugation, 2 %23 particle growth mechanism, 3%

nanoparticle catalytic activity, *°-*

and ligand exchange reactions.4346 A detailed study of the coordination of carboxylate
and hydroxyl groups of the adsorbed citrate on AuNP surfaces also can provide insights
for the binding structures of biomolecules47-5on metal surfaces, including amino acids
and other small organic moleculesss-63 possessing carboxylic and/or hydroxyl functional
groups.

Despite the importance of the citrate structure and coordination, there have been only
a few studies of the conformation of citrate on a planar gold surface, and the
conformation on AuNPs is still in question. Nichols and co-workers proposed the
tridentate coordinations of all three carboxylate groups of adsorbed citrates on a gold
(111) surface by using in-situ subtractively normalized interfacial Fourier transform
infrared spectroscopy (SNIFTIR). 64,6 Observation of one type of carboxylate
coordination, which is through two oxygen atoms (n -COO-), led to a proposed citrate
conformation, but the IR spectra exhibit an indication of other types of carboxylate
coordinations, e.g., n1-COO-. Based on the citrate structure proposed by Nichols and co-
workers, Bai and co-workers interpreted scanning tunneling microscopy (STM) images
on citrate adsorbed on a gold (111) surface.e6 However, after analyzing the data from

both investigations, a discrepancy in lengths exists. The interpreted lateral length of the
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citrate molecular configuration determined by STM was about 10 A, which is not an
acceptable molecular size for the tridentate citrate. Moreover, the pattern in the STM
image of citrate adsorption cannot be interpreted using the isolated citrate configuration
as a building block since possible moieties, i.e., -CH2- and -OH, of the adsorbed citrate
for intermolecular interactions point outward from the surface, and thus there is no
moiety available for lateral interaction on the surface. Teobaldi and Zerbetto pointed out
that the carboxylate-Au interaction is not the driving force for the adsorption of citrate,
which was studied by computer simulation using the same conformation of citrate on a
flat gold (111), and they suggested that intermolecular interaction plays a role in
formation of the citrate layers.e3 As a result, the previously proposed conformation of
citrate on a planar gold (111) surface64 can neither suggest intermolecular interactionés as
a necessary force for adsorption nor explain the long-range ordered citrate adsorption
revealed in the STM image.66 Consequently more investigations are needed to obtain a
detailed understanding of the conformation of adsorbed citrate on a gold surface.

One aspect to be considered for the study of the conformation of adsorbed citrate is
coordination of the alcoholic hydroxyl group and protonation of carboxylate groups.
Although a hydroxyl group of adsorbed hydroxycarboxylate on metal surfaces is often
neglected in the investigation of the adsorbed molecules, coordination of the hydroxyl
group of citrate on the metal surface needs to be considered.67,68 The a-hydroxyl group of
citrate and other hydroxydicarboxylateses-71 are well-known for five-membered chelating
coordination to metal atoms,? and alkoxide species adsorbed on a metal surface have

334 While computational simulations for citrate and citric

been reported in the literature.
acid® have been carried out to investigate optimized citrate conformations on metal

surfaces, most of the calculations do not include the possibility of binding of the hydroxyl
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group as well as the degree of protonation of citrate®**#

although di- and tri-hydrogen
species of citrate are the most populated in solution (pH ~3.2) after AUNP synthesis.

In this chapter, a study of the orientation of surface-adsorbed citrates on AuNPs is
presented by using attenuated total reflectance infrared spectroscopy (ATR-IR) and X-ray
photoelectron spectroscopy (XPS) combined with geometry-based modeling on AuNP
surfaces. Studies in this research reveal that a specific conformation of adsorbed citrate
is dominant.® The adsorbed citrate coordinates to the Au surface by bidentate binding
through the central carboxylate and one terminal carboxylate. This conformation of
individually adsorbed citrate species is similar to what Smith and co-workers proposed
for silver nanoparticles (AgNPs), which was studied by surface-enhanced Raman
spectroscopy (SERS). More importantly, a model was developed to explain the
presented data and intermolecular interactions. Based on this, a citrate trimer, consisting
of two adsorbed species interacting with a dangling species through hydrogen bonds of
carboxyl groups, is proposed as a building block on AuNP (111), (110), and (100)
surfaces. The configuration of the citrate trimer is consistent with spacing of citrate layers
on AuNPs9 obtained on a graphene sheet by atomic-resolution imaging using
transmission electron microscopy (TEM) and published STM images of an ordered
citrate layer on a Au(111) surface,66 which suggest formation of a citrate bilayer, rather
than a monolayer or multilayers. More detailed analyses of the intermolecular
interactions between the citrate trimers lead to the suggestion that polymeric citrate
chains are assembled on AuNP surfaces. Detailed features of citrate self-assembly on
AUNPs are discussed, including the intermolecular/interlayer spacing of citrate molecules,
the driving forces for the citrate self-assembly, the surface coverage of citrate, and the

chirality of adsorbed citrate as well as possible citrate self-assembly on AgNPs. This
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detailed conformational study of organic layers on large metal NPs is unprecedented. A
detailed description of citrate conformation on AuNPs may offer an important

perspective for research involving various interfacial phenomena on citrate-AuNPs.

2.2 Experiments

2.2.1 Materials

All chemicals are of reagent grade and used without further purification unless
otherwise  stated. Tetrachloroaurate ~ (HAuCI4-3H20),  trisodium  citrate
(Na3CeH507-2H20), sodium deuteroxide (NaOD, 30 wt% solution in D20), ethanol-d
(CH3CH20D, EtOD), ethanol-dé6 (CD3CD20D, EtOD-d6é, 99 atom % D), 4-
mercaptobenzoic acid (90%), 1-dodecanethiol (98%), and 1-butanethiol (99%), 1,3-
propanedithiol (99%), 1,4-butanedithiol (97%), 1,5-pentanedithiol (96%), and 1,6-
hexanedithiol (96%) were purchased from Sigma-Aldrich. 1,9-nonanedithiol (99%) and
1,11-undecanedithiol (99%) were purchased from Asemblon. Ethanol (EtOH, 200 proof,
Pharmco-Aaper or Decon Labs), sodium hydroxide (NaOH, Mallinckrodt Chemicals),
deuterium oxide (D20, Cambridge Isotope Labs), lead perchlorate (Pb(Cl04)2-3H20, GFS
Chemicals were obtained from aforementioned companies. Water was used after
purification (Barnstead Nanopure Diamond UV-UF, 17.8 MQ/cm). All glassware was
washed with aqua-regia (3:1, HCI/HNO3) to remove gold particles and organic
contaminants, and glassware contaminated heavily with organic materials and silicon
wafers (Silicon Inc.) were cleaned with piranha solution (5:1, H2SO430% H202).
Caution! The piranha solution and the aqua-regia solution are highly corrosive and
mixing the solution is very exothermic. It should be handled with extreme care and

appropriate safety precautions. The aqua-regia or piranha treated glassware was rinsed
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thoroughly with water and dried in an oven at 120 oC at for 2 h.

2.2.2 Citrate-AuNP synthesis

AuUNPs were synthesized by the Frens method.2 Briefly, HAuCI4-3H20 (0.0232 @)
was dissolved in water (200 mL), and the gold ion solution was refluxed.
Na3Citrate-2H20 (0.0227 g) was dissolved in water (1 mL) and added to the boiling gold
ion solution all at once with vigorous stirring. Heating continued for an additional hour,
and the resulting AuNP solution was allowed to slowly cool to room temperature with
continuous stirring. The average AuNP size was 39 nm in diameter with a ~25%
deviation. The AuNP solution exhibits a localized surface plasmon resonance peak

maximum (Vax) at 535 nm.

2.2.3 Purification of citrate-AuNPs

AuNPs were purified using a centrifugation method. Typically, 10 mL of citrate-
AUuNP solution was centrifuged at 4000 rpm, and the supernatant solution was discarded.
The concentrated AuNPs were sonicated to redisperse the particles in 5 mL of water that
was adjusted to pH ~10. This is to reduce formation of citrate layers due to hydrogen
bonding between adsorbed citrates and free citrates in solution. At this pH, the carboxylic
acid groups are deprotonated, interrupting hydrogen bonding in citrate layers and
reducing loss of AuNPs by irreversible aggregation during centrifugation. The
centrifugation and dispersion steps were repeated three times. For a fourth purification
step, water adjusted to pH 9 was used due to incompatibility of the ZnSe crystal used for
IR measurements with solutions with pH > 9. When the citrate-AuNPs were purified with

NaOD/D20, the same procedures and conditions were applied. The spectrum of pure
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trisodium citrate was obtained by dissolving solid trisodium citrate in trace amounts of

water and drying the resultant solution on a ZnSe crystal.

2.2.4 Addition of lead ions in a solution of purified citrate-AuNPs

A solution of 45 "L of 7.6 mM Pb(ClO4)2 solution was added to an aliquot of
purified citrate-AuNPs (< 20 |iL) on the ZnSe crystal, and the AuNPs aggregated
immediately as observed by film formation on the crystal surface. The ATR-IR spectra

were collected after the solution evaporated.

2.2.5 Alkanethiol adsorption on citrate-AuNPs

To preserve the original citrate layers during purification of AuNPs, adsorption of
alkanethiols was utilized. The thiol layer prevents AuNPs from aggregating irreversibly
under centrifugation. Ten mL of citrate-AuNP solution were centrifuged, and the
concentrated AuNP solution (< 100 ~L) was added to 10 mL of 1 mM 11-undecanethiol
solution in ethanol. After 2 h the functionalized AuNPs were purified by the
centrifugation and dispersion method with ethanol three times. For the partial
functionalization of AuNPs by thiols, the stoichiometric amounts of thiols were

u cm2), an estimated

calculated based on the surface area of a 35-nm AuNP (3.85 x 10-
surface coverage of alkanethiols (4.8 x 10* molecules/cm?),% the measured absorbance
(A = 1.33), and the molar absorptivity coefficient for 34.5-nm citrate-AuNPs® (s=6.1 x
109 M-1cm-1). For example, 50 ~L of 0.38 mM 1-dodecanethiol solution in ethanol was
added to 10 mL of redispersed citrate-AuNPs in ethanol, obtained after a single

centrifugation of 10 mL of as-prepared citrate-AuNP solution. For the functionalization

of AuNPs by dithiols, the concentrated citrate-AuNP solution (10 mL to < 100 ~L) was



25

added to 10 mL of 1 mM dithiol solution.

2.2.6 UV-Vis absorption spectroscopy
Absorbance spectra of citrate-AuNP solution were collected for a spectral range of

400 - 800 nm using a PerkinElmer Lambda 19 UV/vis/NIR spectrophotometer.

2.2.7 ATR-FTIR spectroscopy

A MIRacle ATR (ZnSe crystal, PIKE Technologies) was used with a PerkinElmer
spectrum 100 FT-IR (Fourier transform-infrared) spectrometer. An aliquot of centrifuged
AUNP solution was transferred to the crystal surface and dried with nitrogen gas. Spectra
were collected at 4000 - 550 cm-1 Four consecutive scans were done for most
measurements, but only one scan was done when monitoring spectral changes of citrate-

AUNPs with the degree of drying.

2.2.8 Transmission FTIR spectroscopy

Transmission mode was used to obtain FTIR spectra at a high pH due to the
incompatibility of the ZnSe ATR crystal at pH > 10. The AuNP solution in ethanol or
ethanol-dé after functionalization and purification steps was adjusted to pH ~11 by
dissolving a NaOH pellet directly in the solution or adding NaOD/D20 solution, and the
pH was measured using pH paper. The pH-adjusted AuNP solution was centrifuged once.
The concentrated AuNPs were spread on a KBr IR card (International Crystal
Laboratories, NJ) and dried under nitrogen gas. Spectra were collected using a

PerkinElemer Spectrum 100 FT-IR spectrometer.
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2.2.9 X-ray photoelectron spectroscopy

X-ray photoelectron spectra were collected using a monochromatic Al Ka source
(1486.6 eV) with a power of 144 W on a Kratos Axis Ultra DLD instrument (Chestnut
Ridge, NY) and a 300 x 700 pm spot size. A drop-cast film of the AuNPs was prepared
on a piranha-cleaned silicon wafer, and an aqueous solution of trisodium citrate was dried
on another silicon wafer. The dense coverage of the AuNP film was assured by absence
of Si peaks. Survey spectra were recorded with a pass energy of 160 eV (1 eV steps, 200
ms dwell), and high-resolution spectra at energy ranges of interest were recorded with a
pass energy of 40 eV (0.1 eV, 400 ms dwell). The base pressure was 2 x 109 Torr. The
incidence angle of the incoming X-ray was 54.70, and the electron take-off angle was 90o.
The binding energies shifted by substrate charging were corrected by referencing the C 1s
peak of adventitious carbon to 284.8 eV. The background was subtracted by Shirley’s
method, providing a baseline for determining peak areas. Spectra were fitted using

Gaussian/Lorentzian type functions.

2.2.10 Citrate conformation studies on AgNPs

AgNPs were synthesized using reported methods.4094 Briefly, 27 mg of AgNO3 was
dissolved in 150 mL water (1.0 mM), and the solution was refluxed. With vigorous
stirring 61.7 mg of Na3Citrate-2H20 in 6 mL water was added to the silver ion solution
(35 mM, 1% by weight). A milky yellow-greenish solution was obtained, and the pH was
~6.6. The samples for ATR-IR, transmission IR, and XPS were prepared by the same

methods as described above for AuNPs.
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2.2.11 TEM for AuNP size analysis

TEM images were obtained using an FElI Company Tecnai T-12 transmission
electron microscope operating at 100 KV accelerating voltage. One drop of AuNP
solution was deposited on a 150-mesh Formvar-coated copper grid. The particle size was

analyzed with 56 particles in the TEM images using Scion Image Beta 4.02 software.

2.2.12 Geometric modeling of citrate on gold surfaces

3-D structures of citrate were generated on ChemBio3D Ultra (version 11.0) program.
The conformations of adsorbed citrates were obtained from citrate-Au3clusters (Au-Au:
2.72A). Accurate citrate sizes on Au(111) surface were adjusted based on a Au-Au lattice
spacing of 2.88 A. For modeling on Au(110) and Au(100) surfaces, citrate-Au4 clusters
were generated in ChemBio3D. Exact orientations of free carboxylate groups of adsorbed
citrates on gold surfaces were determined with the aid of a CPK model. The minimum

energy of each conformation was obtained using MM2 at 300 K in ChemBio3D.

2.3 Results and discussion

The approach to a conformational study of citrate layers on AuNP surfaces is based

on characterization of coordination of adsorbed citrate species directly in contact with the
metal surface, followed by identification of intermolecular interactions between the
adsorbed citrates and/or citrate species that were not in contact with the metal surface.
The results and discussion of the studies in Chapter 2 are presented as organized in the
Scheme 2.1. The first step of the investigation of the citrate adsorption on AuNPs was to
probe the coordination of the citrate functional groups using IR spectroscopy and XPS.

The spectroscopic studies focus on the binding nature of carboxylate groups of adsorbed
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Scheme 2.1. Methods for structure analysis of the citrate layer on AuNPs in this study.
TEM/STM images were obtained from literature.

citrate species and the characteristics of the citrate hydroxyl group. After the structure of
the adsorbed citrate is determined from the IR and XPS analyses, intermolecular
interaction of citrate layers on AuNP surfaces are characterized.

Typically, STM and AFM (atomic force microscopy) analyses are used for detailed
structure determination and intermolecular interaction of adsorbed organic layers on
atomically flat surfaces, but these analytical techniques are difficult to employ on AuNPs
due to the intrinsic curvature of NPs. From the STM image on a gold (111) surface,
however, the orientation of the intermolecular interaction of the adsorbed citrate was
inferred. Also, interlayer spacing of the citrate layer on AuNPs, which was obtained from
atomic-resolution TEM images by others, was attributed to the orientation of citrate
functional groups involving interlayer interaction between the adsorbed layer in contact
with the gold surface and the additional layer. The TEM and STM data used for
determination of the orientation of -COOH hydrogen bonds were obtained from literature.

Finally, geometry-based modeling is used to propose a self-assembly of surface
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citrates using the citrate trimer as a building block. Evidence of the adsorption of
polymeric citrate chains on AuNP surfaces, which are broken into the citrate trimers as a

stabilized formation of the citrate adsorption, is considered.

2.3.1 Structure determination of adsorbed citrate species
2.3.1.1 Investigation of stretching vibrations of carboxylate groups of
the citrate monolayer on AuNPs

First, interactions of citrate molecules with a AuNP surface were investigated. IR
analysis leads to identification of the binding nature of the carboxyl groups of citrate
molecules on a metal surface that are directly correlated to the geometry of the adsorbed
hydroxypropane tricarboxylic acid. The vibration frequencies of carboxylate groups are
highly dependent on coordination modes, such as nl-Coé-, n -COO- bridging, and n
COO- chelatingiwhile the characteristic hydrogen bonds between protonated carboxylic
groups are indicative of intermolecular interactions of the adsorbed molecules. The IR
analysis of the characteristic carboxyl groups was used to investigate structural features
of citrate species adsorbed on AuUNPs. The IR spectral features originated from
coordinated citrate species. Prior to the characterization, excess citrate layers on AuNPs
were removed by interrupting the intermolecular interaction of COOH hydrogen bonds in
a basic condition of pH ~10 where deprotonated COO- groups repel each other.

Figure 2.1 presents IR spectra measured using an ATR-IR approach. A film of citrate-
capped AuNPs gave rise to intense carboxylate peaks of the adsorbed citrate molecules

indicative of asymmetric/symmetric COO- stretching vibrations. Other researchers also

V-COO-: one oxygen atom of COO-binds to a metal atom, n2-COO- bridging: both oxygen atoms of
COO- bind to each adjacent metal atom, and n2-COO- chelating: both oxygen atoms of COO- bind to a
same metal atom.
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Figure 2.1. ATR-IR spectra of purified citrate-AuNPs. (A) Each spectrum was collected
at different time periods after dispersing the AuNPs on the ATR crystal, which shows
changes due to water evaporation. Peaks of the Vasy(COO-) at 1611, 1593, 1558 cm-1 and
Veym(COO-) at 1405, 1394, 1370 cm-1 appear (dotted lines). The broad band at 1630 cm-1

is a water bending vibration. (B) Comparison of ATR-IR spectra of the citrate-AuNPs
and trisodium citrate. Note that peak positions are different.

reported that intense peaks of adsorbates on metal nanoparticles were produced with
ATR-IR measurements on a ZnSe crystal, % rather than with transmission-based IR
measurements. In the transmission mode on a KBr card, carboxylate vibrational peaks
were too weak to be assigned whereas the water bending vibration at a similar position of
1630 cm-1 was dominant.% In order to gain information about the orientation of the
citrate molecules, surface selection rules must be considered. In the case of molecules
adsorbed on a 2-dimensional metal surface, this is more straightforward.97-101 According
to the surface selection rule, only vibrational modes with dipoles oscillating
perpendicular to a metal surface are IR-active, and thus only symmetric COO- stretching
vibrations are expected to be IR-active and give rise to an observable IR peak on a metal
surface. From IR measurements for adsorbed citrates on AuNPs, however, asymmetric
COO- stretching vibrations were observed, and these vibrational modes are parallel to the

AuUNP surface assuming that the surface is atomically flat where the molecules are
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adsorbed. A dipole moment still exists on metal nanoparticles, 1218 but the surface
selection rule is not valid for the AuNP film in this study,ii possibly due to surface-
enhanced infrared absorption (SEIRA).104105 More specifically, the coupling of charge
transfer to the molecular vibration may be responsible for the enhanced IR peaks of the
asymmetric COO- stretching vibrations. For example, a charge-transfer induced dipole
moment oscillation may couple with molecular vibrations resulting in activation of
symmetric molecular modes that are considered to be IR-inactive by surface selection
rules.106-110

The ATR spectra of the citrate monolayer on AuNPs show three distinct peaks, the
asymmetric COO- stretching vibrations (vasy(COO-)) at 1611, 1593, and 1558 cm-1 and
three other peaks assigned to symmetric COO- stretching vibrations (vsym(COQ-)) at 1405,
1394, and 1370 cm-1 (Figure 2.1). Typically, the carboxylate group exhibits an
asymmetric and a symmetric stretching vibration around 1500 - 1630 cm-1 and 1305 -
1415 cm-1, respectively.111-114 Spectra collected at different time periods to probe the
spectra as water evaporated from AuNPs dispersed on a ZnSe crystal show COO-
stretching vibrations, which are relatively sharp and distinguishable (Figure 2.1A). The
vibrational peaks broaden once the film of AuNPs is completely dried, but the positions
remain constant. While two vasy(COO-) at 1611 and 1558 cm-1 and two vgn{COO-) at
1405 and 1370 cm-1 are pronounced, the v(COO-) at 1593 and 1394 cm-1 are resolved at
the end and beginning of the drying step, respectively. A peak at 1540 cm-1 can be

another type of vas(COO)-, which may result from binding to Au(110) and/or Au(100)

“The orientation of the molecules on the faceted surfaces of metal NPs may not be well-defined with
respect to the electromagnetic fields of the evanescent wave. On a planar surface, there is only one face
parallel with the crystal face. However, the particles have faces with different orientations with respect to
the ATR crystal face.
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facets of AuNPs. The IR peaks of the carboxylate stretching vibrations of pure trisodium
citrate on the ZnSe crystal114 are consistent with those collected on a diamond crystal, 115
and thus a peak shift of citrate carboxylate groups due to direct contact with a ZnSe
surface is negligible. In this study, the majority of the probed region is a stack of AUNPs
placed above the ATR crystal surface. Although these spectral features are similar to
those for pure trisodium citrate possessing the COO- stretching vibrations at 1575 and
1385 cm-1 (Figure 2.1B; see the Appendix for peak positions and related references in the
entire spectral region)116 due to ionic coordination with Na+,117,118 the peak positions of
the carboxylate stretching vibrations are different from each other. Two additional
vasy(COO-) stretching vibrations at 1610 and 1555 cm-1 as well as the asymmetric shape
of the von(COO-) peak with a shoulder centered at ~1390 cm-1 indicates presence of at
least three types of ven(COO-) stretching vibrations. This correlates well with literature
reports of IR analysis of adsorbed citrate on a planar gold (111) surface.&4 As a result, the
IR spectra indicate that the COO-vibrational frequencies are split into three distinct peaks
for the adsorbed citrate.

Typically, the bending vibrations of adsorbed water on metal surfaces100,101,119-123 are
observed at 1610 - 1670 cm-1, which is in the regime of one of the asymmetric COO-
vibrations at 1611 cm-1 Thus, the sharp peak at 1611 cm-1 often is assigned to the
bending vibration of water'? ?* % free from hydrogen bonding. However, lack of the
corresponding sharp O-H stretching around 3440 cm-1119,126 excludes the possibility of
the water bending mode for the 1611 cm-1 peak. Instead, the water bending vibration was
observed at ~1635 cm-1, which was supported by the change in amplitude during water
evaporation% (Figure 2.1A). In order to confirm the spectral contribution from water at

~1635 cm-1, NaOD/D20 was used to rinse the AuNPs. In this deuterated condition, the
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asymmetric COO-vibration still appears at 1620 cm-1, which confirms that the peak does
not originate from water (Figure 2.2). The different interaction of D20 with the n1-COO-
group by hydrogen bond** ?" ® may cause the shift in the carboxylate peak to a higher
wavenumber at 1620 cm-1 Typically, upon change of H20 solvent to D20 the vasyCOO-
of deprotonated carboxylate groups shifts to higher frequency by 5 - 13 cm-1,129130 while
the carbonyl stretching vibration of protonated carboxylic acid groups B and amide
groups of amino acids130 shifts to lower frequency.”

As mentioned previously, the purification procedure with OH- ions leads to removal
of excess citrate. This indicates that the remaining citrate molecules on the AuNPs are
expected to be a monolayer, evidenced by absence of intermolecular interaction through

the COOH hydrogen bonds and by deprotonation of all carboxylic groups (Figure 2.1).

The hydroxide ions did not replace adsorbed citrates since the IR peaks of citrate were

1
Wavenumber (cm )

Figure 2.2. ATR-IR spectra of citrate-AuNPs purified by (a) H20/NaOH and (b)
D20/NaOD at the frequency regions of carboxylate stretching vibrations. The typical
frequencies of water (H20) bending vibrations are highlighted in the grey region. The
vasy(n1-COO-) is still observed at 1620 cm-1 under the deuterated condition.

nOn the contrary, it was reported that the vasyCOO- shifts to higher frequency by less than 4 cm-1. See
ref. 129: Noren, K.; Loring, J. S.; Persson, P. J. Colloid Interface Sci. 2008, 319, 416-428.
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still observed after the purification step. Also, the hydroxide is known to compete with
citrate in binding on Ag nanorods, ¥ but significant hydroxide adsorption on the AuNPs
was not observed, which is evidenced by absence of a Au-OH vibration at 520 - 580 cm-1

under the high pH condition. ¥, **

The purified AuNPs exhibit the same absorbance and
NP shape with AuNPs as prepared (see UV-Vis absorbances and TEM images of citrate-
AuUNPs in the Appendix), which implies the AuNPs are not impacted by the hydroxide
treatment. Although there might be an orientation change of the adsorbed citrate due to
deprotonation 1% of the free carboxylic acid as well as changes of the adsorbate

concentration1® and ionic strength, 136 the binding geometry of the adsorbed citrate is not

altered significantly under the purification condition (see Section 2.3.8).

2.3.1.2 Identification of free carboxylate groups

In order to distinguish between surface-coordinated and free carboxylate groups on a
Au surface, szL was added to the solution of purified citrate-AuNPs (Figure 2.3). The
asymmetric COO- stretching vibration of the free carboxylate is expected to shift away
from the broadened region of the asymmetric COO stretches to about 1515 cm-t (n2—
COO- chelating13) or 1540 cm-1 (n2-COO- bridging13) upon coordination with Pb2+
while the frequency of the bound carboxylate should remain at the same position. It was
observed that the peak at 1593 cm-1 is significantly attenuated with introduction of the
PbZJ‘. In addition, new broad peaks centered at 1540 cm-i and 1417 cm-i appear, which
are assigned to the asymmetric and symmetric COO- stretching vibrations of the free
carboxylate due to n>-COO- bridging coordination with the Pb% (Figure 2.3a).**® The
symmetric COO- vibration around 1390 cm-1, with the asymmetric COO- vibration

appears at 1593 cm-1, is difficult to resolve due to other strong symmetric COO-



35

Wavenumber (cm-1)
Figure 2.3. ATR IR spectra of (a) purified citrate-AuNPs and (b) Pb’" treated citrate-
AuNPs. Note that the peak around at 1593 cm-1 disappears (a solid line in the region of

the vasyCOO-), and new peaks at 1541 cm-1 and 1417 cm-1 appears upon Pb2+addition
(arrowed). The vonCOO- does not show a significant decrease in peak intensities.

vibrations. The peak at ~1630 cm-1 is the water bending vibration. Thus, the peak at 1593
cm-l is assigned to an asymmetric COO- stretching vibration of a free carboxylate group

139

of the adsorbed citrate. ™ The presence of this band indicates that the adsorbed citrate

exhibits a free carboxylate group.

2.3.1.3 Coordination character of the binding carboxylate groups

AuNPs have facets, and the Au(111) surface typically is the most populated facet in a
large AuNP.140 Since the spectral difference of the distinct COO- stretches with respect to
the crystal facet is known to be less than 15 cm-1 as observed for single crystal electrodes
of Pt(hkl) 141 and negligible for Au(hkl),120142 the measured wavenumbers of the COO-
stretches result from the unique binding modes of carboxylate rather than from varied
AUuNP facets. In Figure 2.1A, the peaks at 1611 and 1370 cm-lare attributed to a n1-COO-

binding68,139,143-152 on a Au surfacel19 whereas the peaks at 1558 and 1405 cm-1 are
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associated with a n2-COO- coordination@B7212316150 159 on a Au 180
surface.57,64,65,88,101,119,120,122,134,147,149,161-166 These observed vibrational frequencies of the
adsorbed carboxylate groups also match with computational results for two-dimensional
planar gold single crystal surfaces. ® ™ In general, the Av, vasy(COO-) - ven(COO0-), is
indicative of the binding character of a carboxylate group with a metal ion.167-170 The Av
values of the n* anfl n -COO- groups of the adsorbed citrate are 241 cm- and 153 cm- ,1
respectively. These values are in good agreement with the coordination nature of
carboxylate groups with a metal. Some of the gold acetate complexes exhibit the nl

LY | ackovic et al. identified dominant

COO- coordination to gold ions in solution.
binding modes between the nl and n%C00- species for adsorbed citrate on a FeOOH
surface at different pH values.116 The coordination of citrate molecules on metal oxide
surfaces such as goethite a-FeOOH116 and hydroxyapatite17s and intercalation in layered
double hydroxides such as hydrotalcite Mg6AI2[(OH)16/CO3]-4H20 have been
investigated. Y7 However, these results cannot be simply translated to other metal surfaces
without considering specific surface interactions in assigning -COO(H) peaks.

The deuterium exchange also was consistent with the nature of the carboxylate
coordination on the gold surface relating to interaction with water. Comparing with the
carboxylate stretching vibrations of citrate on AuNPs under the normal condition, the n -
COO- carboxylate stretching vibrations at ~1558/1405 cm-1 did not shift, and the
vasyCOO- of the free carboxylate group appeared at the same frequency at ~1593 cm-1,
due to the lack of interaction with water. The former is associated with the coordination
of both oxygen atoms to metal surfaces, and the latter is related to the intramolecular

interaction with the hydroxyl group of the adsorbed citrate (see Section 2.3.1.4). However,

the n1-COO-carboxylate group has one oxygen atom likely available for interaction with
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water, which hydrogen bonding of the oxygen atom with D20'"® may shift the vsym{COO-
) to higher frequency129,130 at 1620 cm-1 (Figure 2.2). The peak broadening of the asy/sym
carboxylate stretching vibration by use of D20 also is consistent with various hydrogen-

bond configurations. *®

2.3.1.4 Features of the free carboxylate group

The assignment made for the vibrational frequencies of the free carboxylic acid and
deprotonated carboxylate group of the adsorbed citrate were investigated. The purified
citrate-AuNP solution was adjusted to pH ~9 which is relatively high compared to the
highest pKa value (6.4) among three carboxylic groups of citric acid in bulk solution.
Under this strong basic condition, free carboxylic acids at 1764 cm-1,100,157,179 as well as
hydrogen-bonded carboxylic acids at 1711 cm-1 were still observed (see the Appendix for
the magnified spectrum of citrate-AuNPs in Figure 2.1B) probably through interactions
with the hydroxyl group via intramolecular hydrogen bonds. *’*® The surface pKa of the
citrate molecules should be dependent on the presence of hydrogen bonds. For example,
it has been shown that the surface pKa of self-assembled monolayers (SAMs) on a metal
surface is higher than in solution where intermolecular interactions181-186 are more
favorable for the molecules confined to the surface. However, the SAMs of short chain
carboxylic acids have exhibited a decreased pKa upon adsorption on a metal surface
where the intermolecular hydrogen bonds are weak.*® '® The peak at 1711 cm-" does not
originate from common hydrogen bonds by carboxylic acid acyclic/cyclic dimers.10018
192 The peaks at1734 and 1700 cm-1 have been assigned as due to citrate dimer formation
as discussed in Section 2.3.3. The possibility of interparticle hydrogen bonding between

free carboxylic acids of citrate on different citrate-capped AuNPs was ruled out because a
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characteristic blue-shift of the surface plasmon band was not observed, which would be
expected if the AuNPs were in close proximity (see UV-Vis absorbances of citrate-
AuUNPs in the Appendix).

In comparison with an asymmetric COO- stretching vibration of common aliphatic
carboxylate groups111,120 at ~1550 cm-l, the relatively high vasy(COO-) of the free
carboxylate139,189 at 1593 cm-1 also may originate from an interaction with the hydroxyl
group.144193 For some metal-citrate complexes, vasyCOO+/vsyrCOO- of the free terminal
carboxylate are reported at higher positions, e.g., 1586/1372 cm-1,148 1586/1386 cm-1,1%
1596/1397 cm-1,1% and 1587/1363 cm-1.72153 It is interesting that there are negatively-
charged carboxylate groups of surface citrate which do not bind on the positively-charged
AuNP surface, and this may be due to the charge balance on the surfacei® or the
presence of counterions. Moreover, the free carboxylate groups on AuNPs may not
coordinate to the lead ions by interparticle-type interaction because gaps between some
aggregated NPs are present (see TEM image of purified citrate-AuNPs after addition of
lead ions in the Appendix). Although it has been suggested that citrate-AgNPs are
aggregated by interparticle-type interactions through the free carboxylate groups of
adsorbed citrates on different AgNPs mediated by added metal ions, 1% experimental
results from this study indicate that the interaction of the free carboxylate groups with

metal ions may occur primarily on the surface of same AuNPs.

2.3.1.5 Coordination of the alcoholic OH group
Coordination of the alcoholic group of the adsorbed citrate was studied. In most
previous studies of citrate conformations on a metal surface, the binding of the citrate

hydroxyl group was neglected. Since the hydroxyl group of citrate and other
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hydroxydicarboxylatesea-71 is well-known for 5-membered chelating coordination to
metal atoms, such as Al(ll1),143197 Ga(nl),143 W(V1),139,198 Mo(V1),144,19 U(V1),167,20
Fe(l11),148 Ti(1V),198201 204 Mn(lI1),1% Cu(ll),72 V(V), 26 Zn(I1), 206 and Cd(ll), 207 the
hydroxyl group of citrate to the metal nanoparticle surface needs to be considered.67,68
Alkoxide species on a metal surface have been reported?& while methanol and/or
ethanol coordinate to small noble metal clusters (n < 15) without O-H bond cleavage.?%-
2% The crystal structures of various citrate-metal complexes revealed that the hydroxyl
group acts as a supporting donor group for the central carboxylate coordinate. A hydroxyl
group of small organic molecules, such as methanol,?7 ethanol, butanol, 8 ethylene
glycol, 74 and 2-haloethanol,2® has been reported to be cleaved during alkoxide
formation on a metal surface, and it was suggested that ethoxide adsorbed on a Au
surface is not stable. "

v(C—O)aldwfm,gf:'i,]‘12']14;127:187’,2(11,215220 at 1137, 1111, and 1076 cm™ for pure trisodium
citrate and the shift of those peaks to 1070 cm-1 for the citrate-AuNPs were observed (see
ATR-IR spectra and IR band assignments for purified citrate-AuNPs and trisodium
citrate in the Appendix). The shift of v(C-O)dd has been used as evidence for alcohol

coordination to gold clusters, 221 %!

Depending on the size and charge of the gold
cluster as well as the type of the alcohol (e.g., methanol or ethanol), the v(C-O)dd of a
gold-alcohol complex decreases by 25 - 60 cm-1 compared to a free alcohol in the gas
phase. For larger nanoparticles or a planar surface, the v(C-O)alch shift also has been
employed as a probe to determine the alcohol group coordination. Cornell et al. showed
examples of the involvement of the alcoholic OH in coordination on a FeOOH surface for
various hydroxycarboxylic acids where the alcohol v(C-O)alch of citrate decreases from

1125 cm-" to 1070 cm-' upon surface coordination.?’’ ?* Ha et al. monitored the shift of
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the v(C-O)ddh peak at 1126 cm-1 for investigating coordination of lactate
CH3CH(OH)COO- on hematite (a-Fe203) nanoparticles,?® and Awatani et al. proposed
the hydroxycarboxylate-type coordination of lactate and glycolate to a TiO2 surface
evidenced by shift of the v(C-O)dd to a higher wavenumber and characteristic n1-COO-
coordination.e8 Lindegren et al. proposed coordination of adsorbed citrate to a-FeOOH
surfaces at a high pH as one nl—COO—, one n>-COO- (outer-sphere complex), and one free
carboxyl group with the involvement of the hydroxyl group in surface coordination, 115
but the diagnostic peak of the bending vibration of the hydroxyl group is not clearly
distinguished from the determination of the hydroxyl group coordination in their study. In
this study, a new v(C-O)dd at 1070 cm-1 was observed, but it was not concluded that the
shift of the v(C-O)alch was due to be the coordination of the OH group to the Au surface
since yCH2 and v(C-C) are probably shifted around the v(C-O)ddh region simultaneously
upon citrate adsorption on the AuUNP surface due to the resultant conformational
change. ®" This vibration band may be associated with a C-C-C skeletal vibration,?***
which also appears for alcohol-free alkanethiolates. Therefore, more experimental
evidence is required for determination of the involvement of the citrate hydroxyl group in
coordination on the AuNP surface.

In order to probe the coordination of the citrate hydroxyl group, the IR spectrum of
purified citrate-AuNPs was investigated using a deuterium exchange experiment (Figure
2.4). NaOD and D20 in the purification step of the citrate-AuNP were used instead of
NaOH and H20, and the pH was adjusted to ~ 9 where protonated carboxylic species are
present at a minute level and a spectral change is expected from hydroxyl groups. The

80 226 227

most distinct features of the spectrum are the appearance of a strong S(OD)ad™, ",

peak of the citrate hydroxyl group at 877/833 cm-1 as well as the disappearance of the
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Figure 2.4. ATR-IR spectra of citrate-AuNPs purified by (a) H20/NaOH and (b)
D20/NaOD. Note that the S(OH)ddat 1175/1146 cm-1 is shifted to S(OD)ad at 877/833
cm-1 upon deuteration (arrow).

counterpart peak of the S(OH)alch228 located at 1175/1145 cm-1.7879,81,220.230 The intensities
of the peak at 833 cm-1 for the deuterated citrate-AuNPs and the peak at 1175 cm-1 for the
citrate-AuNPs do not change significantly as samples are dried (see ATR-IR spectra of
purified citrate-AuNPs taken during water evaporation in the Appendix), which this
consistent vibrational feature indicates those vibrational bands stem from an identical
vibration mode. This observation verifies the existence of a free hydroxyl group that does
not participate in metal complexation. Max et al. monitored vibrational bands of malic
acid HOOCCH2CH(OH)COOH, monosodium malate HOOCCH2CH(OH)COONa, and
disodium malate NaOOCCH2CH(OH) COONa, and observed a peak at 1184 - 1195 cm-1
for all species.ryi Taking into consideration this observation in the literature, it also is
expected that the 1175/1145 cm-1 peaks are not associated with a S(OH) vibration from -
COOH groups. Note that most of carboxylic acid groups in this experiment are
deprotonated. The bending vibrations of H20, HOD, and D20 in a liquid phase appear at

1640, 1442, 1202 cm-1, respectively.2z1
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On the other hand, the hydroxide of NaOH may be adsorbed on the Au surface,?*? but
the characteristic peaks of metal hydroxides,?** which are vMO-H at 3650 - 3850 cm-
(vMO-D at 2650 - 2800 cm-1), vAu-OH at 529 cm-1,234 and 5MOH at 575 - 890 cm-1
(SMOD at 470 - 660 cm-1), are not overlapped with the S(OH)alch. Thus, monitoring
S(OH)dd is a successful protocol to determine the involvement of the hydroxyl group of
citrate in coordination to a metal surface. In addition, a slight shift of the v(C-O)dd of
citrate-AuNPs from 1062 to 1070 cm-1 was observed as water evaporated (see ATR-IR
spectra of purified citrate-AuNPs taken during water evaporation in the Appendix). The
shift by degree of solvation also indicates the hydroxyl group is not coordinated to the
surface. The v(C-O)alch of the deuterated citrate-AuNPs typically was shifted
between1085 - 1020 cm-1 (not shown), which indicates that the hydroxyl group of the
adsorbed citrate is subject to hydrogen bonding with water that may be influenced by the
amount of H20/OH- and D20/OD- present. Note that H20 from air is adsorbed into the
deuterated sample during the sample purifications and IR measurements. The strong
peaks at 1041 and 690 cm-' are assigned to an in-plane OD bending (SOD@oD™ +
vCOcooD and an out-of-plane OD bending (yODQOD), which are observed upon
deuteration with disappearance of the in-plane OH bending (SOHcooh + vCOQOCH at
1283 cm-1 and yOHQOH at 938 cm-1.236-239 The carbonyl stretching vibrations of COOH

and COOD are located at identical frequencies.235237-240

2.3.1.6 XPS characterization of adsorbed citrates
XPS has been extensively employed for surface analysis. The binding energy (BE) of
electrons on an atom is sensitive to the local electronic state of adjacent atoms. XPS was

measured for both of a drop-cast film of the purified citrate-AuNPs and trisodium citrate
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molecules on silicon wafer, respectively. The binding energy of the C 1s for adventitious
carbon as reference is 284.8 eV. The deconvoluted C 1s spectrum consists of four distinct
binding energies241 at 284.8, 285.9, 287.6, and 289.4 eV, which are attributed to
adventitious carbons (C-C or C-H), the free hydroxyl (C-OHalch)242-245 and/or the a-
carbons (CH2),246 the coordinated carboxylates (COO-Au),22 247-250 and free carboxyl
moieties (COOH2L or COO-),246 respectively (Figure 2.5 and Table 2.1). Two
carboxylate peaks can be identified depending on coordination to a Au surface, which is
consistent with IR analysis in this study. Since a coordinated alcohol group by O-H
cleavage is expected to be undetectable under the deuterated IR analysis, the regions of

the XPS C 1s were analyzed to distinguish the binding alcohol species. It is known that
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Figure 2.5. XPS spectra of C 1s binding energy of (A) purified citrate-AuNPs and (B)
pure trisodium citrate.

Table 2.1. C 1sbinding energy of purified citrate-AuNPs and pure trisodium citrate.

C 1sBE (eV) Adventitious C COH/CH2 Au-COO- COO-Na+ free COO(H)
Na3Citrate 284.8 286.3 - 288.2 289.3
Citrate-AuNPs 284.8 285.9 (0.1) 287.6 (0.3) - 289.4 (0.2)
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the C 1s of coordinated propanoxide on Cu20(100) is placed at a higher binding energy
by 15 eV compared to that of an aliphatic carbon.244 On the other hand, it has been
reported that the C 1s of hydroxyl groups shift to a lower energy by ~0.5 eV upon

coordination. %4

Although the C 1s binding energy of the C-OH regime in the
measurement in this study is located within the C-OH coordinate, a conclusion cannot be
made about the C-OH binding on the Au surface because the CH2 binding energy is
overlapped and appears as one peak which cannot be deconvoluted into two components
due to the intrinsic low concentration of the adsorbed citrate.ivHowever, the peak for
pure trisodium citrate can be split into two components (C-OH and CH2, data not shown).
As a result, the hydroxyl group coordination on the surface cannot be excluded by XPS
analysis as well as the IR study. Two peaks for the pure trisodium citrate also were
assigned, which are the Na+coordinated and the peaks associated with the free
carboxylates. This assignment confirms that the free carboxylate group of the adsorbed
citrate interacts with other functional groups rather than Na+ions.

Binding energy of the Au(l) 4f7/2 is larger by more than 0.60 eV whereas in the case
of the thiolated SAMs on AuNPs, the shift is less than 0.36 eV.252-25 This implies that the

binding nature of the carboxylates on the Au surface is more ionic than that of the Au-S

bond (see the XPS spectrum of Au 4fbinding energy of citrate-AuNPs in the Appendix).

2.3.1.7 Conformation of the adsorbed citrate on AuNPs
Based on the two distinct binding modes of carboxylate groups with the hydroxyl

group intact and one carboxylate group freely exposed to solution, it can be proposed that

ivThe O 1s binding energy is not as distinct as in the literature due to the presence of water and
hydroxide ions in this study. For O 1s binding energy of carboxylate groups: Lin, N.; Payer, D.; Dmitriev,
A.; Strunskus, T.; Woll, C.; Barth, J. V.; Kern, K. Angew. Chem. 2005, 117, 1512-1515.
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the citrate is adsorbed on a AuNP surface by the n%—COO- bridging coordination of the
central carboxylate group and the n1-COO- coordination of the terminal carboxylate
group as a dominant species (Figure 2.6, conformation 1). This adsorption geometry
through the binding of the central and one terminal carboxylate groups of citrate, rather
than the two terminal carboxylate groups, is consistent with the proposed citrate
conformation on AgNPs® as well as the suggested preferential binding of citrate to
Ag(111) of silver nanoplates. 26 Although it is not possible to distinguish between

20 Rodes and

bridging and chelating coordinations of carboxylate groups from IR data,

co-workers concluded that bridging coordination dominates based on DFT calculations

for adsorption of glycolate anions (OHCH2COO-) on a Au(111) surface.88 The DFT

results indicate that chelate n’-COO- coordination is not stable, transforming to a n -

coordination.® 2" Wandlowski and co-workers also suggested the bridging coordination
57 122

of carboxylate groups, rather than the chelating coordination, on gold surfaces.”,” From

the geometry-based modeling of the adsorption of surface citrates on the Au(111) surface,

Minor species

(Ha)

Figure 2.6. Proposed conformation of adsorbed citrate on AuNPs. Conformation (I) is
consistent with the IR analysis, but the mixture of conformation (I) and (I1) also is
possible. Orange: gold (representative of the Au(111) surface), red: oxygen, black:
carbon, grey: hydrogen.
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it also was found that the bridging configuration of the central carboxylate group of
adsorbed citrate led to generation of the identical pattern of the STM image of citrate
adsorption while the chelating conformation failed to produce the assembled pattern of
surface citrates (see Section 2.3.6).

Due to the intrinsic ensemble nature of IR measurements, the mixture of various
conformations of the adsorbed citrate may produce three characteristic carboxylates, but
the least probable citrate species was ruled out based on the protonation trend of citrate.
Martin has reported that the dihydrogen citrate species (H2Citrate-) with the central
carboxylic group deprotonated is the most populated species at the beginning of

deprotonation processes of citric acid.?*®

The central carboxylate group has the lowest
pKa, > and it probably binds on the Au surface preferentially at the beginning of citrate
adsorption. 260, 261 Although citric acid (H3Citrate) and dihydrogen citrate species
(H2Citrate-) are expected to be dominant at pH ~3.2 condition® of as-prepared citrate-
AUuNP solution, the protonated carboxylic groups of citric acid can be adsorbed on a
Au(111) surface by an anodic reaction associated with oxidation of the Au surface,262
and/or the purification procedure by hydroxide ions may promote the binding of free
carboxylic acid groups. The coordination of the central carboxylate group also is
supported by the formation of acetone-1,3-dicarboxylate that is generally accepted as an
oxidized form of citrate in the synthesis of AuNPs1263264 and AgNPs.40 Moreover, a
lattice match between spacing of the surface gold atoms and molecular length of
adsorbed moieties may prevent citrate adsorption through the two terminal carboxylate
groups on the Au(111) surface. Yin and co-workers2% suggested that dicarboxylic acids

having more than two methylene (-CH2) units do not selectively bind to the Ag(111)

surface (the silver lattice spacing: 2.89 A) due to the size mismatch. In this study, the



47

central and a terminal carboxylate group are spaced apart by two carbon atoms (distance
between two carbons of the carboxylate groups: 3.3 A), and this length of the molecular
moiety for adsorption is commensurate with the lattice spacing of 2.88 A for Au(111).
Possible adsorption of citrate through a terminal-carboxylate coordination also was
excluded based on the reported spacing of citrate layers on AuNPs.91 The adsorbed citrate
by the terminal-carboxylate coordination can be stretched away from surface at a height
of up to 9.2 - 9.4 A from the surface, and this would result in the citrate layer spacing
larger than ~6 A since the distance between a-carbons of carboxylic acid dimers is ~6.2
A. However, the spacing of citrate layers on AuNPs is 3.0 - 3.5 A9 and this relatively
short spacing cannot be produced with the stretched citrate conformation only by the one
terminal-carboxylate coordination.

Conformation Il (lla: chelating, Ilb: bridging) also is proposed as minor species
(Figure 2.6) since the possibility of the presence of a mixture of conformations | and 1l
cannot be ruled out based on the IR and XPS results (A brief discussion of energy for
each conformation is in the Appendix). Both of the conformations Il are associated with a
coordination of the hydroxyl group. The detection of S(OH)ad does not necessarily mean
that all of the hydroxyl groups are uncoordinated, and the C 1s binding energy of the
hydroxyl group is not sensitive to coordination due to the low citrate concentration.
However, conformation Il itself does not explain the IR results because the intact
hydroxyl group has been detected. The coordination of the hydroxyl group and the central
carboxylate group to a Au (Il1) ion via five-membered ring formation was suggested as
an intermediate structure during AuNP synthesis,264 which also is common for citrate-
metal complexes (conformation lla).

For the citrate conformation involving the central and terminal dicarboxylate
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coordination, characteristic peaks include a CH2 rocking265266 at 771 cm-1 overlapped
with a COO scissoring49,135,265267 mode at 771 cm-1 and 721v cm-1 (see Section 2.5.1 IR
bands of purified citrate-AuNPs and Na3Citrate in the Appendix). The CH2 rocking band
of citrate appears at a higher wavenumber compared to that of long alkanes exhibiting

typically at 720 cm-'.'° 2% 268

The strained CH2 bending at a decreased wavenumber
(1453 cm-1) has been detected269 whereas the CH2 bending at 1465 cm-1 is assigned for
the a-carbon from the free carboxylate group. The peak of vasyCOO- at 1593 cm-1 is
relatively high, and this can be explained by COO-OH hydrogen bond (see possible
configurations of citrate molecules adsorbed on AuNPs in the Appendix). There is a weak
band of v(C=0)Q3CHat 1711 cm-1, which is neither a free carboxylic acid (1764 cm-1) nor
a cylic/acylic dimer (1704/1734 cm-1) of the carboxylic acid group of citrate. Lindegren
et al.115 pointed out the carboxylic acid COOH of citrate at 1708 cm-1 is correlated to the
free deprotonated carboxylate COO- on the FeOOH surface. They also observed that
under a deuterated condition at pD 3.4, the intensity of the peak at 1708 cm-1 increases,
which was concluded as an unidentified citrate surface complex. Considering the IR
results and the observation from literature for the FeOOH surface, it is concluded that the
peaks at 1711/1593 cm-1 originate from an OHaAd+HOOC/OHadt+OOC interaction.2m
Nichols et al. proposed a citrate structure with all three carboxylate groups
coordinated on a Au (111) surface as a n2-COO- mode.64 They claimed that there was

only one symmetric COO- stretching vibration of a n%COO- coordination at 1385 cm-l,

which led to the proposed citrate conformation. Contrary to the aforementioned

VAN alternative assignment for the 721 cm-1: v(O-H)dd for a low barrier hydrogen bond of the O-O
distance 2.45 A. The O-O distance between the hydroxyl group and the terminal carboxylic acid group of
citrate molecules is about 2.65 A, which suggests the possibility of the OH---HOOC interaction. The peak
at 721 cm-1 disappears upon deuteration: (a) Bertolasi, V.; Gilli, P.; Ferretti, V.; Gilli, G. Chem. Eur. J.
1996, 2, 925-934. (b) Haggman, L.; Lindblad, C.; Oskarsson, H.; Ullstrom, A.-S.; Perrson, 1. J. Am. Chem.
Soc. 2003, 125, 3631-3641.
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observation there also were the small but noticeable peaks at 1610 and 1555 cm-1 as well
as a broad peak of vsym(COO-) with a shoulder, which is indicative of a different COO-
coordination and thus possibly disparate structures. It was found that there are a couple of
examples of contradictory explanations using the tridentate citrate binding (n2-COO-
coordination) to gold surfaces in the literature. One example is that interpretation of the
STM image of citrate organization on Au(111) by Bai and co-workerséb is not plausible.
The estimated lateral length of the citrate based on the STM scale bar is about 10 A, but
the actual size of the tridentate citrate molecule is about 5 A. Moreover, the proposed
citrate conformation is not achievable as a building block for the 2-D citrate self-
assembly on Au(111), due to the unfeasible orientation of possible moieties of the
adsorbed citrate, i.e., -CH2- and -OH, pointing outward from the surface. Thus, there is
no molecular moiety available for lateral intermolecular interactions on the surface that
should play a role in the patterned assembly of citrate. In another study, Teobaldi and
Zerbetto conclude that adsorption of citrate molecules on a Au(111) surface through three
n2-COO- coordinations may not occur. They suggested that the carboxylate-Au
interaction is not the driving force for citrate adsorption, which was studied by computer
simulation using the same conformation of citrate on a flat gold (111).63 These
contradictory results imply that the previously proposed citrate conformation needs to be
altered. In addition, it has been proposed that the conformational change of surface citrate
on AuNPs is induced by charge transfer,® ™ but the resistance of a single citrate

! s large by a factor of 10°

molecule (three n'-COO- coordinations) for a single AuNP
than the measured and calculated value for citrate-AuNP film.8 This inconsistency also
indicates that the assumed conformation of the tridentate citrate binding (three n1-COO-

coordinations) is not feasible.
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2.3.2 Surface binding of free carboxylate groups of citrate

The binding of carboxylate has been demonstrated by change of pH13%4 and electric
field.#"> The proposed citrate conformation on a AuNP surface via the terminal and the
central carboxylate groups is further supported by the binding of the free carboxylate
group. The binding of the terminal carboxylate group of citrate adsorbed on the AuNP
surface was induced through an increase of pH (Figure 2.7). First, the surface of citrate-
AuNPs was functionalized with ro-terminated alkane or aryl thiols. The pH was adjusted
to above 11 through addition of NaOH solution into the functionalized AuNPs. The thiol
layer at each particle surface prevents an interparticle-type interaction of the free
carboxylate group of the adsorbed citrate. The pH condition can lead to formations of
either tridentate carboxylate coordinations (conformation Ila in Figure 2.7) or tetradentate
hydroxyl/carboxylate coordinations (conformation Ilb in Figure 2.7). Those structures
were proposed based on IR analysis. New IR peaks at 2985, 2976, 1614, 1371, 1349,
1310, 1108, 1077, 825, and 583 cm-1 appear when the pH is higher than 11 for partially
functionalized AuNPs with ro-terminated HOOC-Ph-SH and CH3-C11-SH thiols,
respectively (Figure 2.8). Those peaks are not related to the thiols and should be

associated with citrate molecules.

© (nia) (mb)

Figure 2.7. Binding of the free carboxylate group of adsorbed citrate on the Au surface
when pH is higher than 11. Two different binding geometries are possible.
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Wavenumber (cm-1)

Figure 2.8. Transmission IR spectra of partially functionalized citrate-AuNPs by (a)
HOOC-Ph-SH and (b) CH3-Cn-SH thiols. The labeled bands (dotted lines) appear when
the pH > ~11, which can be explained by the binding of the free carboxylate group of the
adsorbed citrate.

IR data in this study is consistent with the proposed citrate configuration for the
binding of the terminal carboxylate group. The CH2 stretching is located at 2985/2976
cm-1114273 The peaks at 1108 and 1077vi cm-1 can be assigned to a C-C stretching274
and/or a CH2 wagging vibration, 3 which are newly exhibited after the pseudo-ring
formation of the adsorbed citrate on the Au surface. The asymmetric/symmetric COO-
stretching vibrations at 1614/1371 cm-1 indicate a V-COO- coordination. The relatively
strong in-plane COO- rocking15026527/5-278 at 583 cm-1 can be correlated to the terminal

COO- coordination combined with an in-plane COO- scissoring®’’ at 825 cm-'. When the

vilf this peak is assigned to V(C-O)ach the conformation Illb is more plausible for the free COO-
binding. Note that v(n1-COO-) at 1614/1371 cm-1 Ihave been observed, but the central v(n2-COO-) at
1558/1405 cm-1 were not detected.
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other terminal carboxylate group binds to the AuNP surface, the adsorbed citrate may
face a strain on the 2, 3-carbon skeleton with a larger C-C-C bond angle due to a surface-
induced binding geometry limit between the carboxylate group and the surface gold atom.
Conformation Illa is a direct structural transformation from Conformation | via
adsorption of the terminal carboxylate group, and Conformation Illb also is possible after
deprotonation of the hydroxyl group, which results in a common 5-ring formation with
the hydroxyl and the central carboxylate groups. Both configurations are consistent with
the assignments of the IR peaks shown under conditions of high pH. It was observed that
the citrate-AuNPs prior purification and functionalization aggregate suddenly beyond pH
11 to pH 12. This is consistent with the report by Weisbecker et al.,44 indicating the free
COO- binding likely occurs between pH 11 and 12. Overall, the intensities of the
vibrational frequencies have been significantly enhanced upon coordination of all
carboxylate groups.

The ethanol/ethoxy adsorbed on metal surfaces has a similar vibrational feature with
the new peaks from citrate under conditions of high pH.” To eliminate possible
contribution from adsorption of hydroxide, ethanol and/or its oxidative species in the
peak assignments of the free carboxylate binding, ethanol-d6é (CD3CD20D) and NaOD
were used in the functionalization and pH-adjustment procedure. New peaks of -OD, -
OCD2CD3, and/or any oxidative species?®2 including acetaldehyde -OCCD3 and acetic
acid -OOCCD3 were expected after the deuteration step, but the peak shift was not
observed (see transmission IR spectra of CH3-C11-SH functionalized citrate-AuNPs by
use of EtOD-d&NaOD in the Appendix). Therefore, it was confirmed that the new peaks
under the OH-treatment were generated from the adsorbed citrate. The mechanism of the

IR enhancement is not clear at this point.?*"
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2.3.3 Configuration of surface citrate on AuNPs by
intermolecular interactions
It is known that on a flat Au surface ro-carboxylalkenthiol forms a double layer by

100282283 Also, the studies of diacids by *H solid-state

formation of carboxylic acid dimers.
NMR revealed a formation of multilayers on zirconia and titania surface.?®* It is likely
that the protonated citrate exhibits similar layer formation on AuNPs. Lee, Jeon and Dato
et al. estimated a 2 - 3 molecular layer thickness of citrate on AuNPs with a spacing of
3.0 - 3.5 A between layers by atomic-resolution TEM analysis.aL The free carboxylic acid
group plays an important role in a citrate 2-D monolayer by hydrogen bond.>" ¥ ' 2 |n
this study, a characteristic peak of the hydrogen bond by the carboxylic acid dimer
centered at 1710 cm-1 was observed (Figure 2.9; see the Appendix for the entire spectral
region). This verifies the presence of the intermolecular interaction between surface
citrates.

Citrate-AuNPs were functionalized with ~  H stoichiometric amounts of alkanethiols

relative to a monolayer coverage so that adsorbed citrate would be preserved on the

remaining ~ - % of the surface area on AuNPs. Purification of the citrate-AuNPs under

1800 1750 1700 1650

Wavenumber (cm-1)

Figure 2.9. ATR-IR spectrum of citrate-AuNPs as prepared. Dotted lines act as guides for
relevant peak positions of v(C=0) frequencies from carboxylic acid dimers.
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basic condition destroys the intermolecular hydrogen bond by deprotonation of the
carboxylic acid of the citrate layers while use of ethanol or acidic water in purifying
citrate-AuNPs results in irreversible aggregation of the AuNPs during repeated
centrifugations and particle dispersion steps. In order to retain the original structure of the
citrate layer under the rinsing step with EtOH, the adsorption of the alkanethiols on the
citrate-AuNPs was used. Carboxylic acids are not deprotonated in ethanol in the absence
of a base,f0 so the carboxylic acid dimers can maintain their hydrogen bonds during the
EtOH rinsing step. Relatively long alkanethiols (CH3-C11-SH) were used, which do not
interact with the carboxylic group of citrate and are long enough to protect the adsorbed
citrate overlayers involving intermolecular hydrogen bond. By this purification method,
physisorbed citrates and other decomposed species from the AuNP synthesis were
removed, and the intermolecular interaction of the citrate layer on the AuNPs was
investigated. Characteristic COOH dimer peaks at 1734 and 1704 cm-1 were observed in
the partially alkanethiol-functionalized AuNPs, which verifies the formation of acylic and
cylic COOH dimers, %2 respectively (see ATR-IR spectra of partially functionalized
citrate-AuNPs by the alkanethiol molecules in the Appendix). It has been observed that
addition of thiols leads to phase separation between the citrate layers and the adsorbed
thiols rather than citrate displacement, and this leads to observation of original citrate
layers. IR data in this study indicate that there are both thiol layers and hydrogen-bonded
citrate layers. A detailed mechanism of ligand-exchange reaction on citrate-AuNPs will
be discussed in Chapter 3 and another article.*®’

The AuNPs functionalized with ~ surface-stoichiometric amounts of thiols exhibit a
relatively strong peak of the free vasyCOO- at 1593 cm-1 (inset, Figure 2.10A) with a peak

of the -COOH hydrogen bond at 1704 cm-1 The vasyCOO- at 1593 cm-1 is pronounced for



55

A
(A) " es @  x2)
°s 60 (P) .
Q r jn ff
£ 55
() 1593 cm
it 50 @
E
'r£0 45 (0)\
1575 E
£ 40 cm-1V
1650 1550 1450
4000 3500 3000 1800 1600 1400
Wavenumber (cm-) Wavenumber (cm-)

Figure 2.10. ATR-IR spectra of partially functionalized citrate-AuNPs by methyl-
terminated alkanethiol (CH3-C11-SH thiol). (A) The amount of thiol added to the AuNP
solution is adjusted to functionalize (a) half of the total surface area on AuNPs and (b)
excess. The red-arrowed peaks at 3672, 1704, and 1575 cm-l1 originate from organized
citrate overlayers. (B) Comparison of as-prepared citrate-AuNPs before and after
functionalization with CH3-C11-SH thiol at the frequency region of vasyCOO- vibrations.

as-prepared citrate-AuNPs before the addition of thiols (Figure 2.10B). On the other hand,
when excess thiols were added to the AuNP solution, the peak of the COOH hydrogen
bond at 1704 cm-1 became stronger, and the peak intensity of vasyCOO- at 1575 cm-1 was
much enhanced (Figure 2.10A), which the latter can be associated with the dihydrogen
citrate (H2Citrate-) that is deprotonated on the central carboxylic group. The vasyCOO- of
monosodium malate, HO2CCH2CH(OH)CO2Na+, is observed at 1579 c¢cm-1114 The first
deprotonation of citric acid occurs at the central carboxylic acid. However, the free
terminal carboxylate group at 1593 cm-1 became indistinguishable by addition of excess
thiols. Interestingly, a non-hydrogen-bonded v(O-H)ddh*®-** at 3672 cm-' has been
detected (arrowed, Figure 2.10A). This correlation between the terminal carboxylate and
the hydroxyl groups implies possible interaction by hydrogen bonds. Although the
interaction of the a-hydroxyl group (e.g., the central hydroxyl group of citrate) the a-
carboxylate group (e.g., the central carboxylate group of citrate) in a-hydroxycarboxylic

acids is favorable, 2l the hydroxyl group of citrate probably interacts with the terminal
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carboxyl group (see possible configurations of citrate molecules adsorbed on AuNPs in
the Appendix). The v(O-H)dd peak does not originate from trapped EtOH in the AuNP
sample. Other thiol-functionalized AuNPs did not exhibit this peak when EtOH was used
as solvent. The alkanethiol layer may promote the formation of non-hydrogen-bonded
hydroxyl groups of surface citrates through removing any contaminant of
hydroxycarboxylate molecules from the surface during functionalization. The small peak
at 3076 cm-1 is v(O-H)QOHresulting from interaction between carboxylic acid groups, 114
whereas the absence of the v(O-H)GOCH of a free carboxylic acid typically at ~3520 cm-
161,292 is consistent with a lack of the carbonyl stretching of a free carboxylic acid at 1764
cm-1 The characteristic vasyCOO- peaks indicative of the adsorbed citrate species still
appear at 1611 and 1558 cm-1 regardless of the amount of the thiol used in
functionalization. The venCOO- bands between 1410 and 1370 cm-1 are buried by strong
CH2vibrations as well as C-O-H bending vibrations.

Figure 2.10B shows a comparison of the asymmetric COO- stretching vibrations
before and after addition of alkanethiols to the solution of citrate-AuNPs as prepared. The
acidic pH condition was maintained during thiol functionalization due to the thiol proton,
which leads to estimation of the nature of COOH/COO- interactions without
deprotonation by NaOH. Notably, the peak at ~1590 cm-1 for citrate-AuNPs disappeared
after the thiol addition. This indicates that the peak originates from the uncoordinated
COO- functional groups of surface citrates, because it was influenced by H+ uptake from
the formation of thiolates on the surface. The previous peak assignment in this study for
the peak at 1593 cm-1 with vasyCOO- of the terminal carboxylate group of the adsorbed
citrate is consistent with the intensity attenuation of that peak as the amounts of thiols for

the functionalization of citrate-AuNPs increase. The vasy(n1-COO-) at 1611 cm-1 and
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vaw(nz—COO—) at 1545 cm-T remain constant since those COO- are coordinated groups.
The peaks at 1650 20,20 and 151026 cm-1 are probably related to COOH-OOC
interactions due to various hydrogen bond configurations since those peaks were not
observed in the deprotonated condition for carboxyl groups at high pH.

The correlation between the 3672 cm-1 band of free v(O-H)dd, the 1575 cm-lband of
vasyCOO-, the 1593 cm-1 band of vasyCOO-, and the 1704 cm-1 band of v(C=0)cooH
indicates the presence of additional layer(s) interacting with the adsorbed citrate species.
The incorporation of the second citrate species into the adsorbed citrate leads to the
appearances of the liberated non-hydrogen-bonded v(O-H)ddc at 3672 cm-1 and the
noninteracting central vasyCOO- of the second citrate species at 1575 cm-1 The terminal
carboxyl group of adsorbed citrate at 1593 cm-1, exhibiting the intramolecular hydrogen
bond with the hydroxyl group, turns into the intermolecular hydrogen bond with the
terminal carboxylic group of citrate in the additional citrate-layer. This results in the
formation of the hydrogen-bonded -COOH at 1704 cm-1, as well as the liberation of the
hydroxyl group into non-hydrogen-bonded one at 3672 cm-1 Thus, the intermolecular
interaction of the citrate layer is mediated through the hydrogen bonds of carboxyl groups
rather than hydroxyl groups. The hydroxyl group of citrate involves only the
intramolecular hydrogen bond.

This correlation analysis for those IR bands is consistent with the proposed unit of a
citrate trimer, consisting of two adsorbed and one dangling dihydrogen species (Figure
2.11A). The formation of the citrate trimer is associated with the ordered orientation of
hydroxyl groups from the adsorbed and second citrate layers, which can generate the
distinct peaks of the free v(O-H)dd at 3672 cm-1 The citrate configuration in Figure

2.11A likely represents ideal building blocks of surface citrates on AuNPs. Figure 2.11B
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A) (B)

Figure 2.11. Proposed configuration of a unit of citrate trimer consisting of two adsorbed
and one dangling species as building blocks of surface citrate on AuNPs. Intermolecular
interactions are mediated by hydrogen bonds between terminal carboxylic acids. (A)
Ideal organization leads to formation of a citrate bilayer; (B) A disrupted citrate trimer is
associated with deprotonated terminal COO- groups. Note that the terminal COO- groups
can interact with -OH groups through intramolecular hydrogen bonds.

illustrates a transition from the well-ordered citrate organization into disordered
configuration, resulted from breakage of the intermolecular interaction between the
terminal carboxylic groups by OH- ions (see Section 2.3.1) or physisorbed alkanethiol
layers. Not only can the alkanethiols be a source of protons during adsorption, but also
can be a suppressor against -COOH hydrogen bonding between the surface citrates. This
is consistent with the observation in that the peak 1593 cm-1 of the terminal carboxylate
group is intense compared to the peak 1575 cm-1 of the central carboxylate group when
the amount of added alkanethiol is less than a monolayer coverage on AuNPs. The citrate
configuration in Figure 2.11B shows deprotonated terminal COO- groups from both of
the adsorbed and second citrate layers, which are accompanied with less pronounced
hydrogen bonds between -COOH groups and possible interactions of the hydroxyl groups

with the terminal COO-. Complete removal of the second citrate layer by OH- ions would
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leave only the adsorbed citrate layer with deprotonated terminal COO- groups behind on
the surface, and related IR spectral features indicating this adsorbed citrate species were
observed. Therefore, the proposed citrate configurations in Figure 2.11 are consistent
with the IR bands of surface citrates, observed from addition of OH- ions and alkanethiols
to citrate-AuNPs.

An interesting consequence of the citrate trimer is the formation of a citrate bilayer.
The citrate bilayer on AuNPs is different from that on gold nanorods with the cationic
surfactant.2%6 The former consists of the citrate trimer, i.e., two adsorbed species linked
by one dangling citrate, whereas the latter forms through one closed-packed adsorbed
monolayer interacting with the other outer layer. The outer negative charge from the
central carboxylate of the second citrate layer may be the origin of the well-known

electrostatic repulsion of the citrate-capped AuNPs.

2.3.4 Citrate trimers as building blocks on AuNP (111) surface

The citrate trimer was proposed as the building block on AuNP surface based on the
IR analysis, but determination of the spacing between the two adsorbed species and
organization of the citrate trimer on AuNPs are beyond the capability of analytical tools
in this study. From the sharp C-H stretching of the adsorbed citrate, however, it was
speculated that the surface citrate is well-organized on AuNP surface (see the C-H
stretching vibration regions of ATR-IR spectra of citrate-AuNPs and trisodium citrate in
the Appendix). Lee, Jeon and Dato et al. measured the citrate spacing of 3.0 - 3.5 A on
AuNPs by atomic-resolution TEM (see Figure 1.3B in Chapter 1).91 Taking into account
the distance between the a-carbons of carboxylic acid dimers (~6.2 A), the angle of the

COOH hydrogen bond plane from the AuNP surface is not steep. The layer spacing can



60

provide for an accurate direction of the terminal carboxyl groups. In this study, the
spacing of the proposed citrate bilayer is defined as the distance between the central
carbon of the adsorbed citrate on the Au surface and the central carbon of the second
citrate layer because the electron density is expected to be the highest at the center
carbons. Given spacing of the citrate layer to be 3.2 A and the distance between the
center carbons to be 7.4 A, the COOH plane is oriented at an angle of ~250 from surface
(Figure 2.12A). Furthermore, the full width at half maximum (FWHM) of the adsorbed
citrate and the second citrate layer is approximately 1.5 - 1.7 nm in the intensity profile
along a citrate-AuNP, which indicates that the conformations of both citrate species are
not stretched out from the surface even though the FWHM values (1.5 - 1.7 nm) do not
reflect directly the height of citrates due to less electron density on an edge of the small
organic molecule. By using the conformation | as the adsorbed citrate (Figure 2.6), with

the 250 angle of the terminal COOH orientation, specific directions of the terminal

(A) (B)

Figure 2.12. Geometric configurations of citrate adsorbed on Au(111). (A) Given a 250
angle of the terminal COOH from surface, (B) specific directions of the terminal COOH
(grey-arrowed) are determined on Au(111) due to carboxylate coordination to the surface.
R: R-enantiomers, S. S-enantiomers; there are two types of conformers of each
enantiomer (1 and 2). Surface gold atoms are depicted as a space-filling model.
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COOH are determined on Au(111) due to carboxylate coordinates to the surface, and four
possible conformations were generated (Figure 2.12B; see a ruled-out conformation of
adsorbed citrate due to van der Waals repulsion between the free carboxylic acid group
and the CH2 moiety in the Appendix). Although citrate is not a chiral molecule, R- and S-
enantiomers, relative to the center carbons, are formed upon adsorption. The terminal
COOH is oriented to the [211] direction for the R1 and S1 conformers whereas the [011]
direction for the R2 and S2 conformers. Each conformer can rotate by 600 on Au(111)
surface.

On the other hand, citrate adsorption has been investigated on 2-D planar Au(111)
surface by IR,6465 electrochemical, 5 simulation,8 and STM6 methods. The
conformation of adsorbed citrate used for those studies on the Au(111) surface is based
on the structure proposed by Nichols and co-workers,6 for which all three carboxylate
groups coordinate on surface. It can be pointed out that the experimental results
associated with the citrate adsorption on the Au(111) surface do not contradict data in this
study, and the proposed citrate conformation by Nichols and co-workers resulted from
considering one symmetric COO- stretch to be dominant. Floate et al. have observed the
increased intensity of the COOH peak of citric acid at 1720 cm-1 on a Au (111) surface as
the deprotonated citrates are adsorbed on the surface, but they realized that the COOH
peak does not originate from an adsorbed citrate species.®6 This may suggest
intermolecular interactions between the adsorbed citrate and the second citrate layer by
COOH hydrogen bonds. Also, the small peaks around at 1611 and 1555 cm-1 have not
been assigned,®&4 but these peaks were observed in ATR-IR measurements in this study
and the peaks were assigned to the n1COO- and the n>-COO- coordinates, respectively.

Kunze et al. determined that the electroadsorption valency number (formal partial charge
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number) of citric acid adsorption, interpreted as the surface dipole, ranged from -1.5 to -
2.5 at the most positive potential, % and this probably implies the binding of the free
carboxylate groups of the adsorbed citrate. Teobaldi et al. mentioned that the carboxylate-
Au interaction for the adsorption of citrate is not the driving force and the intermolecular
interaction plays a role in formation of the citrate layers.63 Lin et al. interpreted the bright
spots as each carboxylate group of the adsorbed citrates,66 but the resultant lateral size of
the proposed citrate structure on the STM image is about twice as large as the real
molecular dimension (see Figure 1.3A in Chapter 1). It is difficult to image carboxylate
groups of one citrate molecule separately and unambiguously since they are close each

other.?%’

The STM image of the adsorbed citrate on Au(111) was interpreted in a different
way and assumed the bright spot is an individual adsorbed species. Based on this
assumption, a trimer unit can be identified as a building block for the organization of
citrates. As a result, it is concluded the conformation of the citrate layer on 2-D flat
Au(111) surface is identical to that found through spectroscopic studies for AuNP (111)
surface.

The R1 conformer is best described with the STM image of the adsorbed citratesés in
terms of the orientation of the hydrogen-bonded COOH groups (Figure 2.13). From the
STM image on Au(111), a trimer unit was defined as a building block, which consists of
three bright spots aligned to the [211] direction on Au(111) surface. The proposed citrate
trimer in this study has been determined to match it with the orientation of the identified
citrate unit of the STM image. The configuration of dangling citrate species (H2Citrate-)
in the second citrate layer was obtained from one of the most stable conformations by

ChemBio3D, having both terrminal COOH be parallel to each other. However, the

orientation of the central COO- group, i.e., pointing toward the metal surface or pointing
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(A) (B)

Figure 2.13. Proposed adsorption structures of citrate trimers on Au(111) surface. (A)
The configuration having both hydrogen-bonded COOH parallel to each other is
dominant in the STM image (B) whereas the one with the orientation of both COOH
groups slightly off from the parallel configuration is minor. The grey arrows represent the
orientations of -COOH hydrogen bonds at the terminal carboxylic acids.

outward, is not clear. The direction of both hydrogen-bonded COOH is parallel each
other in most trimers of the STM image (Figure 2.13A), but a slight deviation from this
orientation also was observed, which leads to determination about the angle difference of
the hydrogen-bonded COOH as ~70 (Figure 2.13B).

In the proposed formation of the citrate trimer that is consistent with the STM image,
the dangling citrate species interacts with two adsorbed citrates. Although glutamic acids
stabilized at ~4.6 A above a silver surface without being in direct contact with the surface

have been imaged in STM,*®

it is not straightforward to determine whether a dangling
citrate species is visible in STM imaging, and thus calculations and/or simulations are
necessary.29 From the geometry-based modeling, an additional citrate adsorbed between
the two adsorbed citrates was found (R1 configurations), which binds to the surface
through n -COO- coordination, cannot interact through hydrogen bonds between the

terminal carboxylic acid groups due to a surface-induced limitation of carboxylic acid

orientation (see configurations of the mediating citrate species and two adsorbed citrate
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molecules in the Appendix). While the orientation of the two carboxylic acid groups of
the adsorbed citrates is parallel each other (Figure 2.13A), the direction of two terminal
carboxylic groups of the mediating citrate species is deviated by ~600 from a parallel
configuration (see the Appendix). This combination for a citrate trimer, i.e., three
adsorbed citrates, is not commensurate on the surface. The only configuration of a
mediating citrate species, whose terminal carboxylic acid groups are oriented parallel to
each other, is through a n1-COO- binding with OH-coordination, but this conformation is
not feasible due to van der Waal repulsion between the terminal COOH and the
uncoordinated oxygen atom of the central n1-COO- group (see the Appendix). Therefore,
the presence of the dangling citrate species is plausible in the formation of the citrate
trimer. Notably, the interaction of the two hydrogen bonds of the free carboxylic acids is
far stronger (total ~28 kcal/mol; ~7 kcal/mol per hydrogen bond of carboxylic acid

dimers at room temperature) 3% -3

than the single carboxylate-Au interaction (~2
kcal/mol).304 In this case, the intermolecular interaction predominates the molecule-metal

interaction.

2.3.5 Assembly of citrate trimers on a Au(111) surface

In order to assess the feasibility of the assembly of the citrate trimer, a geometric
modeling was used. From the STM image of the surface citrates on the 2-D Au(111)
surface,66the periodicity of the imaged pattern was adapted and adsorption of the citrate
trimers on Au(111) was simulated based on geometrical consistency. Heinz and co-
workers concluded that molecular adsorption is governed by molecular size and geometry
rather than specific interfacial chemistry, investigated by molecular dynamics simulation

for adsorptions of single amino acids and surfactant molecules on Au(111).19 In this
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modeling, the geometric coordination of the adsorbed citrate species also was considered
with respect to the direction and spacing of the top lattice of the Au(111) surface, and
other parameters including water solvent, additional anions/cations,Mi surface stress,36
and surface charges could not be taken into account.

The citrate trimers (Figure 2.13A) were used as building blocks for the citrate
assembly on Au(111) surface with the gold atom spacing of 2.88 A.306 The surface
reconstruction that is usually generated by adsorption of molecules, %738 as well as
possible effects of the second/third atomic metal layer on molecular adsorption19were not
considered. Lin et al. determined the unit cell parameter with 1.00 nm, 1.15 nm, and 900
but the actual angle is 840 - 860 with deviation on the [110] direction as +20. The angle
deviation probably indicates the surface reconstruction. On an ideal Au(111) surface,
building the assembly of the citrate trimers was successful (Figure 2.14; see the model of
citrate assembly overlapped on the STM image of adsorbed citrates on the gold surface in
the Appendix), with all unit cell parameters consistent with the STM image except the
length parameters are increased by one gold atom distance. The cell parameter (a) on the
[110] direction is defined as the number of gold atoms. For the model of the adsorbed
citrate on Au(111) there are five gold atoms along the perimeter (a), which results in a
length of 1.44 nm (5a0= 14.4 A where ao=2.88 A). It was tried reducing the perimeter
(a) by the dimension of one gold atom to 1.15 nm, but the angle parameter (y) changes to
900 and the CH2 moieties encounter each other (see the organized pattern of the citrate
trimers with the identical cell parameters to the reported values in the Appendix). It may

be possible that the scale bar in the STM image of the citrate organization may be

"‘Bridged interactions between Na+ ions and COO- groups on surfaces: Heinz, H.; Farmer, B. L.;
Pandey, R. B.; Slocik, J. M.; Patnaik, S. S.; Pachter, R.; Naik, R. R. J. Am. Chem. Soc. 2009, 131, 9704-
9714.
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Figure 2.14. Assembly of the citrate trimers on (111) surface of AuNPs. The circle and
the dotted circle represent van der Waals interactions of CH2 moieties and possible
hydrogen bonds, respectively. The parallelogram represents a unit cell (area: 179 A2).

inaccurate. The other length parameter (b) of the unit cell is 1.25 nm (VI9ao= 125 A),
and the angle (y) of the unit cell is 830. The area of this unit cell is 179 A2 The distance
of the adjacent adsorbed citrate involving possible hydrogen bonds is 7.0 A (1.4"3a0=
7.0 A), whereas the distance between two adsorbed citrates in the trimer unit is 12.9 A.
Interestingly, it was found from the model that the CH2 moieties are close with a spacing
of 55 A (1.W3ao = 55 A), which probably implies a contribution of van der Waals
interactions as a driving force of the citrate assembly. Due to the citrate-Au surface
interaction, the spacing of the CH2 moieties of the adsorbed citrates is larger than that of
the optimized van der Waals interaction (4.2 - 4.6 A).36,309-312 Glutamic acdis on Ag(100)
can be separated by 5.4 A in a upstanding configuration.313 It was reported that there is a

net attractive force between two methane molecules in water for separated distances
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between 4.2 and 7.8 A, investigated by molecular dynamics simulations.314 Thus, van der

Waal attraction of the citrate CH2 moieties can occur in the distance of 5.5 A.

2.3.6 Preferential bridging coordination of carboxylate groups
predicted by simulation
The binding of the central carboxylate group of the adsorbed citrate binds to the gold
surface through bridging coordination rather than chelating coordination was investigated
with aid of similar modeling of the citrate assembly on Au(111). When the bridging
configuration of the adsorbed citrate changes to the chelating configuration, the direction
of the free carboxylic acid group of the adsorbed citrate is deviated by ~150 from that of
the bridging conformation with respect to the lattice direction of the Au(111) surface (see
citrate conformations and assembly with chelating n -COO-eatrd coordination of adsorbed
citrate in the Appendix). The 15o-rotated R2 conformer in Figure 2.12B exhibits the
orientation of the free carboxylic group close to the [211] direction that represents the
orientation of the intermolecular hydrogen bonds between surface citrates. Based on the
assembly modeling with the same unit cell on Au(111), it was found that adsorbed citrate
species are located within van der Waals repulsion and intermolecular interactions
between adsorbed citrates are not feasible (see the Appendix). Oxygen atoms of the
uncoordinated n1-COO- conflict with the CH2 fragments, and the hydroxyl groups that
are the only available moieties for hydrogen bonds are too far to interact with each other
(O—O: ~4 A). Therefore, it was demonstrated that the binding geometry of the central
carboxylate group of the adsorbed citrate is bridging coordination, rather than chelating
57 88 122.257

coordination. The preferred bridging coordination was also suggested by others.” ™,

Recently, the structures of single molecules adsorbed on metal surfaces have been
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investigated using DFT calculations, but these computational approaches may not be
accurate to predict molecular conformation governed by strong intermolecular
interactions. Under certain circumstances in which intermolecular interactions
significantly affect molecular assembly on metal surfaces having high surface energy, the
simple simulation without computation can be an effective method to understand the
configuration of molecular adsorption. Not only can the geometry-based simulation
suggest detailed intermolecular interactions, but also it can predict specific coordination
of adsorbed molecules with being influenced by intermolecular interactions since there is
a direct correlation between molecular assembly and molecular conformation on a metal

surface.

2.3.7 Formation of citrate bilayers on AuNPs
Bilayer formation of surface citrate on AuNPs was suggested by the modeling and

results from the literature. Figure 2.15 shows the citrate bilayer formation consisting of

129 A

Figure 2.15. Formation of citrate bilayers on (111) surface of AuNPs. Citrates in direct
contact with the surface are the first layer whereas dangling citrates between two
adsorbed citrates are the second (outer) layer. Bilayer thickness is ~6.5 A, and the
spacing of the adsorbed citrate is 12.9 A.
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the citrate trimers. It is considered that the adsorbed citrate species in direct contact with
the AuNP surface are parts of the first layer and the dangling citrate species hydrogen-
bonded with two adsorbed citrates of the first layer are parts of the second (outer) layer.
Projection of electron beams for TEM onto this side likely provides enough contrast
between the two layers (with spacing of ~3.2 A), due to regular molecular orientation and
low electron density in the hydrogen-bonding terminal carboxylic groups, as was imaged
by TEM and subsequent image process for atomic resolution.al This bilayer configuration
is unexpectedly unique, because multilayer formation can be predicted for hydroxyl

3]5estimated the thickness of the citrate

triacid citrate molecules. Mulvaney and Giersig
layer on AuNPs as ~5 A with directly measuring the interparticle spacing of the closely-
packed NP 2-D array at a positive voltage. This value is comparable with the thickness of
the citrate bilayer in this study, measured from the top metal surface to the center carbon
atom in the second citrate layer (~6.5 A). The applied potential may contract the citrate
bilayer. The simulation for the assembly of surface citrates suggests not only the bilayer
formation and its thickness but also specific orientations of the central hydroxyl and
carboxylate groups in the outer layer. This proposed layer configuration at the molecular
level may open detailed studies about the effects of molecular conformation and
adsorption in the electrical double layer on AuNP surfaces. In addition, the behavior of

the central carboxylic group in the outer layer may play an important role in interparticle-

type interactions between citrate-AuNPs in solution.

2.3.8 Self-assembled layers of polymeric citrate chains on AuNP (111) surface
The distance for the van der Waals interaction of the citrate CH2 groups is 5.5 A on

Au(111), which is not optimized, so it is speculated that the hydrogen-bonds involving
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the carboxylic group and water form to stabilize the adsorbed citrate species. However,
O-H stretching vibrations from cluster-like water have not been observed, which might
be located at the regions indicating possible hydrogen-bonds. This led to a proposal for
another basis for self-assembled layers of citrate molecules, in which the terminal
carboxylate groups form -COOH hydrogen-bonds instead of binding to the surface by nl
COO- coordination (Figure 2.16A). The distance (7.0 A) between the two carboxylic
acids of the adjacent adsorbed citrates is optimized for hydrogen bonds through dimeric
COOH groups (6.9 A).\ii

The configuration of two adjacent adsorbed citrates interacting through the -COOH
hydrogen bond may imply the presence of possible ionic hydrogen bonds, i.e.,

COOH---0O0C interactions. The peak at 1611 cm'1previously assigned as Vasy(n1-COO-)
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Figure 2.16. Polymeric citrate chains mediated by COOH hydrogen-bonds. (A)
Configuration of noninteracting adsorbed citrates (top) is modified to hydrogen-bonded
ones (bottom). Note that the positions of citrates are identical, but the terminal n1-COO-
changed to hydrogen-bonded COOH (dotted circles). (B) Proposed citrate self-assembly
through the resulting configuration of polymeric 1-D chains on Au(111) surface.

VillThe length was determined for a dimer of acetic acids by ChemBio3D.
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can also be an asymmetric stretching vibration of carboxylate groups from
COO—H—OO0C interactions. 316 For this ionic hydrogen bond, the length between the two
oxygen atoms interacting with the hydrogen atom is reduced by 1.5 - 2.0 A from normal
carboxylic acid dimers,®"’ **® and this subtle bond contraction is difficult to be determined
from this modeling. In the deuterated complexes having COO—bD—OOC interactions, the
carboxylic acid (-COOD) shifts to higher frequencies®'® and the carboxylate species (-
OO0C-) shifts to lower frequencies since the deuterium is bonded to the oxygen atom

more closely than the hydrogen. *’

In the deuterated condition in this study, however, the
vasy(COO-) shifted to the higher frequency at 1620 cm-1, and the carbonyl stretching
vibration of -COOD at a higher frequency has not been observed. Therefore, it was
concluded that the peak at 1611 cm-l originated from the n1-COO- coordination as
previously assigned in this study.

In general, hydrogen bonds are not observed in STM imaging due to low electron
density, *° and the STM image analysis cannot confirm this hydrogen-bonded citrate
molesules. However, Nichols and co-workers6465 observed the strong Vsym(n2-COO-) and
v(C=0)Q0CH peaks for citrate adsorption on gold surfaces, and this probably represents
the configuration of polymeric citrate chains shown in Figure 2.16B since only the central
carboxylate groups bind to the surface by the n -COO- bridging coordinate (i.e.,
dihydrogen citrate H2Citrate-) and terminal carboxylic groups participate in the -COOH
hydrogen bonds. AFM force measurements demonstrated the presence of a citrate
network on a planar gold surface, possibly due to intermolecular hydrogen bonding.?
Another AFM force measurement for citrate layers between a AuNP and a planar gold

substrate suggested a neutral hydrogen-bonded network consisting of dihydrogen citrate

molecules due to the low charge density and possible multilayer adsorption on the
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surface.®*

Consequently, the building block of the self-assembly of surface citrates can
be the citrate 1-D chain formed by hydrogen bonds between terminal carboxylic acid
groups. Pseudo-polymeric behavior of citric acid was observed in aqueous solution.**
The assembly of the citrate chains is driven by van der Waals interactions between the
methylene fragments of the adsorbed citrate species.

The formation of the 1-D chain network of the surface citrate during the synthesis of
the NPs is probably favorable due to the configurational versatility®!’ **® of the carboxyl-
based hydrogen bonds. lonic hydrogen bonds through COOH-OOC interaction are also
possible, and the strength of this type of hydrogen bonds (low barrier hydrogen bonds) is

very strong.*?

It was reported that carboxylic groups of benzenetricarboxylic acids are
deprotonated at 420 K and the COOH-OOC hydrogen bonds are formed.*** The surface
citrates may possess the ionic hydrogen bonds of carboxylic groups during the synthesis
of AUNPs at ~100 °C (see Figure 2.10B). Formations of carboxylic acid dimers®*> **® and
clusters¥7in aqueous solution were demonstrated although there were opposed results
reported. ¥ 3 Due to adsorbed citrate species on surfaces during the synthesis of AuNPs,
the transformation to the citrate network within the electrical double layer¥d on the
AUNP surfaces is feasible. The driving forces for molecular assemblies®" of citrate were
proposed as van der Waals interactions (-CH2-—CH2- interaction: 0.8 kcal/mol,

determined for alkanethiols on gold surfaces)®*

and hydrogen bonds of carboxylic acid
groups. Due to the weak nature of carboxylate-Au interaction, it is plausible to conclude
that the citrate adsorption is driven by the intermolecular interactions and the molecule-
surface interaction is of secondary importance.63 In order to promote the intermolecular

interactions of the surface citrates, it is necessary for the citrates to diffuse on Au surfaces

since the carboxylate group does not readily adsorb on Au as it does on silver and
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copper.2&2 The nature of the COO-Au is partly ionic,22 and COO-333 rather than -
COOH3% binds on Au(11l). The adsorption of trimethylacetic acids (TMAA) on
Ti02(110) surface has been studied in detail at a molecular level. TMAA diffuses on the
surface with physisorbed state by COOH binding, and the chemisorbed TMMA species
after O-H cleavage do not diffuse at room temperature and form a long-range ordering.**
A similar mechanism can be applied for the adsorption of the surface citrates on Au
surfaces. The adsorbed citrates prior to the central COO- binding to surface probably
diffuse on surface for maximum intermolecular interactions, and the central COO- binds
to the surface once the favorable molecular interactions are achieved. It was reported that

diffusion plays an important role in SAMs of cystein adsorbed on Au(111).33%

2.3.9 Citrate polymeric chains as building blocks on other facets of AUNPs

The Au(111) surface is the most populated facet in a large AUNP140 due to having the
lowest surface energy,®’ and there are other facets including Au(110) and Au(100) for
the face-centered cubic structure in the truncated octahedron of large-sized AuNPs (> 10

nm). 140 ’338

The 1-D citrate chain unit was adapted to Au(100) surface to investigate the
possibility of the citrate chain as a building block on Au(100), and the same configuration
of the citrate chain on Au(110) was used since it can be assumed that the geometry
deviation of the adsorbed citrate is negligible between Au(110) and Au(100).
Surprisingly, the citrate configuration was also fit to these crystal lattice surface of
Au(110) and Au(100) with the same van der Waals and hydrogen bond interactions
(Figure 2.17). The two oxygen atoms of the central carboxylate group likely bind to two
adjacent gold atoms on the [110] direction on Au(110) as was demonstrated by DFT

339

calculation for malic acid on Cu(110).™" Intervals between adjacent adsorbed citrates are
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Figure 2.17. Proposed self-assemblies of citrate on (110) and (100) surfaces of AuNPs.

identical between Au(110) and Au(100) surfaces due to the adsorption onto the direction
of the same lattice spacing of gold atoms. In other words, the adsorbed citrates with the
same molecular symmetry are aligned along the [110] direction on Au(110) and the [011]
direction on Au(100), and the spacing of gold atoms for both directions is 2.88 A. The
distance of the CH2moieties between the adjacent adsorbed citrates (2 x ao=~5.8 A; ao=
2.88 A) can bring about van der Waals attraction. The distances between the two a-
carbons of the dimeric COOH groups in the adjacent adsorbed citrates are ~6.6 A for the
Au(110) surface and ~7.1 A for the Au(100) surface, and the angles of unit cells are ~700
for Au(110) and ~620 for Au(100). Interestingly, the distance of the dimeric COOH
groups is more commensurate on Au(111) (7.0 A) than on Au(100) (7.1 A), and this size
match may be related to the stronger adsorption of citrate on Ag(111) than on Ag(100).340
The adsorption configurations, which the COOH hydrogen bonds between adjacent
adsorbed citrates are broken and the terminal carboxylic acid groups bind to the gold
atoms through n1-COO- coordination, are also commensurate on the gold surfaces (see
proposed citrate adsorptions on Au(110) and Au(100) surfaces in the Appendix).

Obtaining STM images of citrate adsorptions on the Au(110) and Au(100) surfaces



75

would verify the self-assembly through the polymeric chain network. This is an example
of a building block on one facet fitting to another. It has been reported that the self-
assembled uracil on Au(111) exhibits the identical packing model on Au(100).34 In
addition, the estimated thickness of the citrate bilayer in Figure 2.15 (~6.5 A) is expected
to be uniform on entire AuUNP surfaces.

From the simulation of the citrate self-assembly on the two facets of Au(111) and
Au(100) surfaces, it was concluded that the stabilizing effect of citrate on AuNPs is more
pronounced on (111) surface than (100) surface due to the size commensurate with the
hydrogen-bonded network of the molecular adsorption. This led to suggestions of a facet-
depended stabilizing role of citrate adlayers for irregular-shaped nanoparticles including
nanorods, nanoplates, branched and pentagonal/hexagonal-shaped nanoparticles.
Previously, only the reducing role of citrate®*? has been discussed in the proposed growth
mechanisms for nanorods, 343,344 branched34 or pentagonal/hexagonal346 nanoparticles
produced by seed-mediated growth approaches as well as nanoplates¥7 prepared by a
conventional synthetic method. In those mechanisms, the stabilizing role of citrate
depending on different facets has been neglected, probably due to lack of understanding
detailed configuration of surface citrate. Instead, preferential bindings of other surfactants
such as CTAB (cetyltrimethylammonium bromide), SDS (sodium dodecyl sulfate), and
PVP (poly(vinyl pyrrolidone)) on Au(100) or Au(110) surfaces were suggested as main
driving forces, leading to nanocrystal growths onto Au(111l) surface. The simulation
result of the weaker adsorption of citrate on Au(100) is consistent with the surfactant
bindings on the Au(100). Citrate adsorption through hydrogen-bonded self-assembly is
strongest on Au(111) among AuNP facets, and this cannot be explained by the previous

growth mechanism onto the (111) lattice. Herein, it can be proposed that the high
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crystalline interface of the citrate/Au(111) lead to the crystal growth onto this surface.
The better organized interface likely induces a metal crystallite surface. It should be
mentioned, however, that more complicated factors may govern the nanocrystal growths,
including a pH-effect4 by ascorbic acid added additionally in the seed-mediated synthetic
methods above. Chloride ions, which are introduced during the AuNP syntheses, are

known to have a little effect on the shape of growing nanoparticles.348349

2.3.10 Thickness measurement of the citrate bilayer on AuNP surfaces

Experimental measurement of the thickness of the citrate layer was attempted.
Alkanedithiols (HS-(CH2n-SH, n = 3, 4, 5, 6, 9, 11) were used as molecular linkers for
AUNP aggregation. Since one thiol group of dithiols bind to a metallic surface of a single
AuUNP and the other thiol can bind to that of another AuNP, dithiols can act as molecular

linkers to connect two different AuNPs.>*°

When the hydrocarbon length of a dithiol is
long enough for both sulfur atoms to adsorb on two different AUNPs, NPs are expected to
be aggregated in solution beyond van der Waal repulsion from the citrate layers of two
different NPs (interparticle-type adsorption). When the hydrocarbon length of a dithol is
too short for both sulfur atoms to bind surfaces of different NPs simultaneously due to
van der Waals repulsion from the citrate layer, AuNPs can remain as single NPs in
solution without aggregation (intraparticle-type adsorption). Although both sulfur atoms
of alkanethiols can bind to a surface (lying-down configuration), 31 there are some
populations of dithiols with only one sulfur atom adsorbed on the surface (upright
configuration) at a high concentration of the dithiol.*? Interestingly, the length-dependent

stability of AuNPs was observed as predicted. Figure 2.18 shows dispersion stability of

AUuNPs in solution upon addition of dithiols with varied alkane chain lengths. When the
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Figure 2.18. Molecular length-dependent stability of citrate-AuNP upon addition of
alkane-dithiols with varied hydrocarbon length. (A) UV-Vis absorbance spectrum of
citrate-AuNP in solution by addition of dithiols, and (B) pictures of the AuNP solutions
showing a drastic change of AuNP stability due to dithiol length-dependent interparticle
interactions. NP aggregation is governed by interparticle-type connection through dithiol
adsorption.

length of alkanedithiols is short (for n = 3, 4), NPs are not aggregated and remain
dispersed in solution. This produces the characteristic reddish color of stable AuNPs.
When the length of alkanedithiols is long (for n = 5, 6, 9, 11), however, NPs exhibit
aggregation characterized by the bluish color of aggregated AuNPs. Possible effect of
alkanedithiol concentration on AuNP aggregation 353 was excluded by a control
experiment, which the same result was observed upon reducing the concentrations of
long dithiols (n = 5 6, 9, 11) by half. This confirms that direct adsorption of
alkanedithiols on AuNPs through the Au-S interaction govern the stability of AuNPs
upon addition of the linker molecule.

Based on the length-dependent interparticle interaction, thickness of the citrate layer
in solution could be estimated. It was assumed that the electrostatic repulsion from the

citrate layer becomes shielded completely under the high concentration of dithiol solution
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(L mM) and only van der Waals repulsion from the outer layer of surface citrate plays a
role in the NP stability. The length of the citrate layer falls between the lengths of 1,4-
dithiol and 1,5-thiols. Given the Au-S bond length to be 2.85 A and the tilt angle of
adsorbed alkanethiols to be 300 to normal with respect to a AuNP surface, calculated
interparticle spacing is 11.6 A for 1,4-dithiol (n = 4) whereas 12.5 A for 1,5-dithiol (n =
5), which this measured thickness of each citrate layer (~6 A) is in excellent agreement
with estimated thickness of the citrate layer based on the model (~6.5 A). Therefore, the
measured thickness is consistent with the model of the citrate bilayer conformation in
AUNP solution. Grieser and co-workers demonstrated the existence of uncharged surface
species on citrate-AuNPs, and they also measured the barrier size for surface citrates to
be 10 £ 2 Ain acidic pH and 7 + 2 A in basic pH, respectively.8 This can be related to the
formation of citrate bilayer proposed in this study, adding the size of hydrated sodium
ions above the thickness of the citrate layer. In basic pH, the dangling citrates are
removed from the adsorbed citrates, which can have the layer thickness of 7 A, i.e., the
sum of the thicknesses of the adsorbed citrate and the hydrated sodium ion. A similar
analysis is also possible for the barrier value of 10 A in acidic pH with the model of the

citrate bilayer.

2.3.11 Coordination of oxygen atoms of carboxylate groups at bridged sites

In most cases, atop locations®®,'*,*° ' of oxygen atoms of carboxylate groups are
considered for bridging coordination on gold surfaces, but the binding of oxygen atoms in
bridged sites1% has been suggested by STM studies of benzoate adsorption on Au(111).

Also, Heinz and co-workers proposed that the oxygen atoms of carboxylate groups in

amino acids are located at bridged sites on Au(111) where the polarizable atoms are
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drawn into the bridged sites (attractive epitaxial sites) having deep potential wells due to
the high surface energies of the metal.19 For the modeling of citrate adsorption, it is not
possible to distinguish binding locations of oxygen atoms between atop and bridged sites
(see the Appendix) since the entire adsorption pattern can be translocated from atop
positions to bridged ones. Nonetheless, it was demonstrated from this study that the

COO-coordination at the bridged sites of gold surfaces are feasible for citrate molecules.

2.3.12 Chirality of the self-assembled layer of citrate on AuNP surfaces

In general, the adsorption of molecules on solid substrates is governed by molecule-
surface and intermolecular interactions.354 It has been reported that organic molecules are
self-assembled on a surface by maximizing intermolecular van der Waals interaction3

whereas carboxylic acids are stabilized through hydrogen-bonds. **

Interestingly, only
the R conformation (R1 in Figure 2.12B) can generate the self-assembled pattern that
describes the STM image. This observation does not necessarily mean that the S
conformers do not participate in the self-assembled citrate layer on AuNPs. The mirror-
imaged pattern on Au(111) with only S conformers also can be built (S1 in Figure 2.12B;
see chiral self-assembly of surface citrates on Au(111) with R and S enantiomers in the
Appendix). The similar chiral assembly of achiral molecules upon adsorption on a metal
surface was reported.? **® ' |t has been demonstrated that adsorption of one chirality
induces the adsorption of homo-chirality,” 354358359 and intermolecular hydrogen-bond
interactions play an important role in chiral self-assemblies360 on Au(111).31 In this
study, it also can be suggested that there are strong intermolecular interactions on the

iXThe organization of racemic malic acids on Cu(110) leads to heterochiral 2D phases. See: Roth, C,;
Parschau, M.; Ernst, K.-H. ChemPhysChem 2011, 12, 1572-1577.
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chiral self-assembly of citrate molecules.

2.3.13 Surface coverage of citrate adsorbed on AuNPs

The area of the adsorbed citrate on AuNPs was estimated, based on the proposed
model. The unit cell area is 179 A2 on Au(111), and the dimension of one adsorbed
citrate is ~28 A2, so the surface coverage by the adsorbed citrates is 1.86 x 10-10mol/cm2.
Note that the pattern of the citrate adsorptions are similar to Au(110) and Au(100), which
are the most populated facets along with Au(111) on AuNPs. With including the free
citrates in the second layer, the surface coverage by the citrate trimers is ~2.8 x 10-
Ormol/em? (~45% coverage). This relatively low coverage of surface citrate on AuNPs is
consistent with the speculation by Nelson and Rothberg, based on their investigation of
DNA adsorptions on citrate-AuNPs.362 Using an electrochemical method, Kunze et al.
determined citrate coverage at pH 3 on Au(111) as 4.6 x 10-’mol/cm?® which probably
one more citrate molecule is adsorbed in a unit area due to the electric potential. The
surface coverage determined by elemental analysis for citrate-AuNPs (diameter: 17 - 20
nm) is 5.2 x 10-°mol/cm? ** and this value was likely overestimated because the carbon-

based determination of citrate molecules also included oxidized by-products of citrate

formed during the gold ion reduction.

2.3.14 Extension of the proposed conformation of citrate layers
to silver and other NPs

The IR bands of the silver nanoparticles exhibit similar COO- stretching vibrations
except the incorporation of NO3 ions on surface (see the ATR-IR spectrum of purified

citrate-AgNPs in the Appendix). Nonequivalent symmetric COO- vibrations have been
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reported by SERS measurements.153 Munro et al.90 indentified three veyn{COO-) vibration
peaks of surface citrate on AgNPs at 1412, 1400, and 1370 cm-1, and the proposed
adsorption geometry of citrate through binding of the central and one terminal
carboxylate groups is consistent with the proposed citrate conformation on AuNPs in this
study. Yin and co-workers26 suggested the similar configuration of adsorbed citrate on
Ag(111), which is the preferential binding of citrate to Ag(111) of silver nanoplates
through the central and one terminal carboxylate groups rather than the two terminal
carboxylate groups. Since the lattice parameter of surface silver atoms (2.89 A) is almost
identical to that of gold atoms (2.88 A) for (111) surfaces,19the same pattern of the citrate
self-assembly can be applied to the silver nanoparticles. Also, the free carboxylate peaks
under the high pH are the same as for AuNPs. The interaction force measured by AFM
suggested multiple layers of the citrate ions on the silver surface, and the thickness of the
citrate layer was estimated to 5 - 6 A.24 This thickness is comparable with that of the
citrate bilayer on AuNP (Figure 2.15).

The stabilization of the multi-surfaces of citrate-AuNPs by the single fashion of the
citrate adsorption may be related to the isotropic shape,364i.e., spherical, of the AuNP.
The role of citrate as a stabilizer has been demonstrated for spherical silver,3% gold,
platinum,?® 3" and palladium®® nanoparticles in water. The lattice spacing of the (111),
(110), and (100) surfaces is deviated within 5% between the largest (silver) and the
smallest (palladium) metal.19 Interestingly, the lattice spacing of copper is smaller than
that of silver by more than 11%,19 and this may be related to the instability of copper
nanoparticles in water synthesized by citrate reduction method.369 Given the same pattern
of citrate adsorption on those nanoparticles, the surfaces of copper nanoparticles may not

be able to accommodate the citrate self-assembly with optimized intermolecular
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interactions due to the size mismatch between the molecular building block and the metal
surfaces. Surface citrate can act as stabilizer on the surfaces of the special silver, gold,
platinum, and palladium NPs while the molecular framework of the self-assembled layer
of citrate on the surfaces swells or contracts within 5% deviations, depending on the
lattice sizes of the metal surface. Size match between molecules and metal surfaces,
rather than specific surface chemistry, is the most important factor for molecular
adsorption on metal surfaces having high surface energy.19 The role of the citrate
adsorption for stabilizing metal NPs is consistent with the experiment results in the
literature above, likely suggesting the proposed pattern of the citrate self-assembly in this

study as a ubiquitous configuration on the metal NPs.

2.3.15 Application of the proposed conformation of the adsorbed citrate
for NP assembly

Due to the detailed ligand structure3® hydrogen bonds of the interfacial citrate layers
can be proposed as a driving force in the metal NP assembly, opposed to the adsorbate-

induced electric dipole interaction of entire NPs. %"

A specific orientation of the central
carboxylic acid group of dangling citrate species may influence the NP interaction,
because the COOH groups are located at the very outer layer of the AuNPs. The
interactions between NPs may depend on the chirality of the citrate layer on each surface.
In the electric dipole driven mechanism, a nonuniform adsorption of molecules generates
eventually the electric dipole formation. On the other hand, the dipolar interaction is
responsible for the assembly of semiconductor NPs*"°*"? due to the permanent dipole
moment on the semiconductor,33 but there is no such a strong dipole moment on bare

374

metal NPs.” Moreover, the dephasing time of surface plasmon resonances (gold: < 5
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fs,375,3% silver: < 7 £s¥'") is much faster than the time scale of the molecular/ionic
rearrangements in the Stern layer and the diffuse layer on metal surfaces of the plasmonic
metal NPs, and thus the temporal charge accumulation of the dipolar formation is
unrealistic for the interparticle interaction in solution. On the contrary, the roles of
interfacial molecular interactions 38 and facet-dependent assemblies 3® have been
demonstrated for NP interactions. A temporal transition of the short range repulsive
forces  into attraction may be a key factor for the aggregation of the citrate-AuNPs. The
orientation of the central COOH groups of the dangling citrate molecules may play a

critical role in the attractive forces for the facet-dependent assembly of AuNPs.

2.4 Conclusion

The conformation and self-assembly of citrate layers on AuNP surfaces were
investigated. This is one of a few examples of a detailed spectroscopic study of organic
layers on the surface of metal NPs.*®*® ATR-IR, transmission FT-IR, XPS as well as a
geometry-based simulation were employed, and those results are consistent with TEM
and STM images of the citrate layer obtained from literature. Di-hydrogen citrate
(H2Citrate-) is adsorbed on the Au surface by n -COO- coordination of the central
carboxylate group with the hydroxyl group intact. The adsorbed citrate interacts with an
adjacent adsorbed species and a dangling citrate species through hydrogen bonds between
the terminal carboxylic acid groups. This hydrogen-bonded surface citrates produce 1-D
polymeric citrate chains, which interact each other through van der Waals attraction
between adjacent CH2 moieties, leading to formation of the self-assembled layer of
citrate molecules adsorbed on AuNP facets including (111), (110), and (100) surfaces.

When the hydrogen bonds between the terminal carboxylic acid groups of adjacent
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adsorbed species are broken and bind to the surfaces by n1-COO- coordination, the
polymeric citrate configuration turns into a repeated unit of citrate trimers, consisting of
two adsorbed species interacting with a dangling citrate, as alternative building blocks on
AuNP (111), (110), and (100) surfaces. The proposed configuration between adsorbed
and dangling citrates suggests a bilayer formation on AuNPs. The estimated thickness of
the citrate bilayer is 6.0 - 6.5 A. From the pattern of the citrate adsorption on AuNP
surfaces, molecular chirality was predicted. The surface coverage only by the adsorbed
citrates is 1.86 x 10-’mol/cm?. With including the dangling citrates, the surface coverage
becomes ~2.8 x 10-’mol/cm®. The IR data of citrate-stabilized AgNPs also indicate the
similar coordination of the carboxylate groups of surface citrate. With applying the same
driving forces for the citrate self-assembly, the identical adsorption conformation of
surface citrate for AgNPs was proposed. The detailed study of the citrate layer on AuNPs
is expected to provide new explanatory approaches for experimental observations from
citrate-AuNP based studies as well as possibly for other citrate-stabilized metal NPs,

35 381
hl )

including surface modification, particle growt NP assembly, ** nanoelectronics,

and catalysis.
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2.5 Appendix: Conformation of citrate molecules adsorbed on
gold nanoparticles

2.5.1 IR bands of purified citrate-AuNPs and Na3Citrate

The ATR-IR measurements on a ZnSe crystal show intense vibrational peaks from
organic molecules adsorbed on metal nanoparticles.%6 The peaks of purified citrate-
AuNPs are located at 2971, 2918, 2898, 2848, 1764, 1711, 1611, 1593, 1558, 1543,
1465,10014633 1453, 384 1405, 1383, 1369, 1284,1123% 1221,200277,386 1177,337 1146,
1070,217 1022,38 938, 908, 875, 846, 786, 770, 721, 692, 674, 618 cm-1 whereas the
peaks of Na3Citrate114115217273 are located at 1598, 1578, 1560, 1436, 1388, 1341,1%

1294, 1279, 1258, 1188, 1137, 1111, 1076, 1056, 943, 911, 896, 839 cm-1

2.5.2 Binding energy of citrate molecules on gold clusters

The binding energy of each conformation in Figure 2.6 was estimated using
ChemBio3D program by MM2 at 300 K although the gold-citrate clusters do not reflect
accurately citrate molecules on a gold surface. The distance of Au-Au is 2.72 A for Au3
and 2.70 A for Au2. Conformation | results in ~240 kcal/mol whereas conformation lla
~190 kcal/mol and conformation Ilb ~340 kcal/mol. For comparison, the binding energy
through only central carboxylate and/or hydroxyl groups was estimated. A bridging
COO-Au2 cluster shows ~20 kcal/mol, and a bridging COO/OH-Au2 exhibits similar
energy (~20 kcal/mol). This indicates that additional coordination through the terminal
carboxylate group significantly increases the binding energy. Interestingly, the energy of
conformation I, which represents citrate adsorbed on the Au(111) surface, decreases to
135 - 140 kcal/mol for citrate-Au4 clusters. The latter represents citrate adsorbed on the

Au(100) surface. This suggests there may be a favorable conformation on each surface.
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Wavenumber (cm'l)

Figure 2.19. ATR-IR spectra of purified citrate-AuNPs and pure trisodium citrate.

Wavelength (nm)

Figure 2.20. UV-Vis absorbances of citrate-AuNPs before and after purified with pH ~10
water. The dotted line guides Xvaxat 534 nm for both samples.
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(A) as prepared (B) after purified

Figure 2.21. TEM images of citrate-AuNPs (A) before and (B) after purified with pH ~10
water.

Figure 2.22. TEM image of purified citrate-AuNPs after addition of lead ions.
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Wavenum ber (cm-1)

Figure 2.23. ATR-IR spectra of purified citrate-AuNPs taken during water evaporation.
The shift of v(C-O)ddh from 1062 to 1070 cm-1 as drying implies that the hydroxyl group
is subject to solvation and does not coordinate to the surface (dotted line). Note that the
intensities and positions of S(OH)ad at 1175 cm-1 do not change significantly (grey
background).
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Figure 2.24. ATR-IR spectra of purified citrate-AuNPs after deuterated with D20/NaOD.
(A): spectra at the frequency region of 4000 - 550 cm-l, (B): zoomed region. The
intensities of v(O-D)D20 at ~2400 cm-1 and S(OD)D20 at ~1200 cm-1 decrease, respectively,
as D20 evaporates (grey arrows in A). The intensities of S(OD)dd at 833 cm-1 do not
change significantly (black arrow in B). The peak of vayCOO- at 1620 cm-1 is still
observed in the deuterated condition (grey background in B).
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Binding Energy (eV)

Figure 2.25. XPS spectrum of Au 4f binding energy of purified citrate-AuNPs. A surface
Au()B 3 species appears due to Au-carboxylate coordination.

(1a) (Ib)

Figure 2.26. Possible interactions between the hydroxyl group and the carboxylic acid
group of citrate adsorbed on the surface of AuNPs.
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FOBO

Wavenumber (cm '1)

Figure 2.27. Transmission IR spectra of CH3-C11-SH functionalized citrate-AuNPs under
the basic condition by use of EtOD-d&/NaOD. The new peaks are still observed at the
same frequencies (dotted lines), which verify that the peaks originate from preadsorbed
organic molecules (i.e., citrate).

Wavenum ber (cm-1)

Figure 2.28. ATR-IR spectrum of citrate-AuNPs as prepared. The peak at 1710 cm-1
(arrowed) indicates the presence of hydrogen bonds between carboxylic acid groups of
citrate molecules.
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Wavenumber (cm'))

Figure 2.29. ATR-IR spectra of partially functionalized citrate-AuNPs by CH3-C11-SH.
The thiol molecules can be adsorbed only in limited surface areas on AuNPs (1/4, 1/3,
and 1/2 from top to bottom; note that the intensity changes of v(C-H) around 2900 cm-1),
which was determined based on the amounts of the thiol added to citrate-AuNP solutions.
The dotted lines act as guides for the peaks located at 1734 cm-1 (acylic dimers of
carboxylic groups) and 1704 cm-1 (cylic dimers of carboxylic groups), respectively.

Figure 2.30. Ruled-out conformation of adsorbed citrate due to probable van der Waals
repulsion between the free terminal carboxyl group and the CH2 moiety.
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Figure 2.31. Configurations of the mediating citrate species and two adsorbed citrate
molecules. Orientations of the terminal -COOH groups of (A and B) the mediating citrate
adsorbed on the surface and (C) two adsorbed citrate molecules at both ends of the
mediating citrate (grey arrows). The vertical orientations of all -COOH groups for
potential hydrogen bonds are parallel to the surface.
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Figure 2.32. Interpretation of the STM image of citrate molecules adsorbed on Au(111)
based on the model of citrate assembly in this study. STM image: adapted with
permission from Lin, Y.; Pan, G.-B.; Su, G.-J.; Fang, X.-H.; Wan, L.-J.; Bai, C.-L.
Langmuir 2003, 19, 10002, Figure 2. Copyright 2003 American Chemical Society. The
model of citrate assembly is overlapped on the STM image. The scale bar is 10 A, which
was determined from the STM image shown in Figure 2b in the literature.

Figure 2.33. Organization of the citrate trimers with the identical cell parameters to the
reported values (1.15 nm, 1.00 nm, 900). Note that the CH2 moieties encounter each other.
To prevent this van der Waals repulsion, the gold spacing should be contracted to 2.30 A,
which is not an acceptable value. The Au atom spacing of large AuNPs with a radius of
25.7 nm is 2.88 A3l and of ~1 nm is 2.82 A,3%2 respectively.
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(A)

ngure 2.34. Citrate conformations and assembly with chelati'ng nZ-COO-oemal
coordination of citrate molecules adsorbed on the Au(111) surface. (A) The carbon atoms
of the coordinated central COO- groups are located on top of gold atoms. In bridging
coordination, the carbon atoms are located in between two adjacent gold atoms. (B) In the
assembly with the chelating citrate molecules, which the model was generated in
agreement with the STM image, there is van der Waals repulsion between the CH2
moieties and the terminal coordinated COO- groups.
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Figure 2.35. Proposed citrate adsorptions on Au(110) and Au(100) surfaces after the
COOH hydrogen bonds between adsorbed citrate species are broken.

(A) (B) (©

Figure 2.36. Units of the citrate trimer on different gold surfaces. Adsorbed citrate
species bind to gold atoms at bridged sites through oxygen atoms of carboxylate groups.
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Figure 2.37. Chiral self-assembly of surface citrates on Au(111) with R and S isomers.
Two types of stereoisomers are associated only with adsorbed citrate species.

Wavenumber (cm-1)

Figure 2.38. ATR-IR spectrum of purified citrate-AgNPs (Inset: the frequency region of
COO- stretching vibrations).
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CHAPTER 3

STRONG RESISTANCE OF COORDINATED CARBOXYLATES TO
DESORPTION ON METAL NANOPARTICLES UNDER THIOL

TREATMENT DUE TO INTERMOLECULAR INTERACTIONS

3.1 Introduction

Citrate-stabilized gold nanoparticles (AuNPs) are commonly used as the foundational
materials for many AuNP-based studies : The synthesis of citrate-stabilized AuNPs
(citrate-AuNPs) was developed by Turkevich and co-workers, and further developed by
Frens.® In this method, citrate molecules reduce Au®" ions to Au atoms and stabilize the
colloidal AuNPs (i.e., typically 10 - 100 nm in diameter) which are formed. Generally,
the metallic core size of AuNPs defines the electronic. and optical propertiesss whereas
the ligand shell, i.e., citrate and other ligands such as thiol” and phosphine,® governs the
chemical properties including solubility. surface charge 1o interparticle interactions, 11,12
molecule-particle interactions, s surface chemical reactivity, 1« and intracellular activity.is
Due to the critical role of surface organic layers, much effort is put into modifying the
surface functional groups to tailor the chemical properties of AuNPs. The most
commonly used approach for surface modification is to exchange the ligands initially
adsorbed on NP surfaces with another type of incoming ligand. Because thiols have a

strong affinity for metals such as Au and Ag and form organized self-assembled
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monolayers (SAM) on planar Auis:7 and Ag surfaces, 1s.19 ro-terminated thiols are often
used for the formation of robust ligand shells on metal NPs.?° %

One of the most common ligand exchange processes used for citrate-AuNPs is the
replacement of citrate molecules with functionalized thiols. For the most part, the
approach to this exchange is typically presented in a rather simple manner based on the
assumption that the thiol molecules spontaneously displace the citrates leading to a
completely thiolate-functionalized nanoparticle.”® Although ligand exchange between
thiols and phosphines on the surfaces of small gold nanoclusters has been investigated2-
?in a systematic manner, the citrate-to-thiol ligand exchange for larger nanoparticles has
not been studied in detail despite the wide use of this process. The dearth of research on
the citrate-to-thiol exchange probably originates from the relatively large core size of
citrate-stabilized AuNPs causing 1) NP aggregation during addition of thiols, preventing
1H-NMR studies, 2) low amounts of molecules making surface analysis challenging, 3)
the complexity involved with functional groups such as hydroxyl:sz2s and carboxylic

acids 2" -%°

coordinating with the gold surface, and 4) challenges in interpreting
spectroscopy data to understand the conformation and surface coverage of the adsorbed
citrate. To my knowledge, there is no reported study providing direct detection of
coordinated citrate species displaced by thiol at a metal surface. A few researchers have
discussed issues related to incomplete displacement of the adsorbed citrate on Au or
AgNPs, * ' *' and point out the difficulty in replacing citrates by thiols ** or
biomolecules.® * Until now, however, there have been abundant examples of reports
relying on the assumption of complete displacement of the adsorbed citrates by thiols.

Ligand exchange of citrate-capped metal nanoparticles typically is the first step for a

large variety of studies related to the chemical and biological properties of AuNPs
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35,36

including ligand surface coverage, particle stability, *"** linker conjugation on NP

9 1337 42 w50

surfaces,”,® ", particle-molecule interactions, **,>" particle-ion interactions, ** and

biological/medical applications®’ **<°" as well as for silver nanoparticles.® >*® Remaining
citrate molecules impact the NP surface chemistry due to the hydroxyl/carboxyl groups
and influence properties such as intracellular activity.sos: The significant and broad
impact motivates the need for a more detailed understanding of the citrate-to-thiol ligand
exchange.

Statements about facile ligand exchange of thiolates for citrate molecules on
AUNPs2062,63 are primarily based on the difference in energy between Au-Seses (~40
kcal/mol) and Au-carboxylate” (~2 kcal/mol) interactions, but other factors in addition to
thermodynamics impact the ligand exchange process, including kinetic, electronic, steric,
chelating, and solvent effectsss Interestingly, early postulations of citrate displacement
by thiolsss.67 are not supported by the referenced articless In the [ref. 5], the authors
mainly discussed the adsorption of pyridine on copper colloids and observed the
complete displacement of the adsorbed pyridine by thiophenol based on the
disappearance of a pyridine peak at 1010 cm.: in the surface-enhanced Raman scattering
(SERS) spectra. As opposed to the citrate desorption process highlighted in the
articles ss.67 displacement of adsorbed citrate by pyridine was not discussed at all. Overall,
it seems that the spontaneous displacement of citrates adsorbed on AuNPs by incoming
thiols is generally accepted as a fact.

One of the simple tests for thiol-citrate exchange has been NP aggregation studies
based on UV-Visible spectroscopy.? in that the aggregation is used to follow the
adsorption of thiols on AuNPs, and this has become a representative protocol to monitor

replacement of adsorbed citrates on metal NPs 5,70 This method provides a highly
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qualitative approach to assess ligand exchange. The colorimetric assay based on a UV-
visible absorption measurement, suggested by Whitesides and co-workers,? is associated
with the assumptions- that the displacement of the negatively-charged surface ions, e.g.
citrate molecules, causes AUNP aggregation due to the loss of electrostatic repulsion and
colloidal NP stability in solution. It is reasonable that anion adsorption on citrate-AuNPs
produces the electrical charge of the NPs.™ In this assumption, however, the propensity
of desorption between citrates and other anions (Cl-) is not considered, and the possibility
of the coadsorption of thiols with preadsorbed surface citrates is neglected. Recently, the
surface coverage by adsorbed citrate species on AuNPs was estimated to be ~30 % (see
Chapter 2).”* In addition to the citrate, there is evidence of coordinated chloride (CI-) ions.
It can be suggested that rather than only citrate displacement, coadsorption of thiols with
citrates may occur during the ligand exchange reaction. The resulting reduction in the
electrostatic repulsion’ can then lead to aggregation of the AuNPs after thiol addition.
The observed decrease in surface potential after thiol addition’® does not necessarily
mean that surface citrates have been displaced by thiols. In this regard, Dagastine and
Grieser™ observed decreased surface charge on a planar silver surface with adsorbed
citrates during addition of amines, and charge neutralization was proposed as one of the
possible mechanismsi for the surface potential drop. The thiol adsorption may cause a
decline in the negative charge on the surface, either by displacing surface Cl-, reducing
the pH of the solution, or shielding the surface citrate physically, resulting in the long-
range van der Waals attractions between the thiolate layers dominating the surface
properties leading to aggregation. The NP aggregation-based approach is an indirect

‘The other proposed mechanism is the replacement of citrate.
Larson, I.; Chan, D. Y. C.; Drummond, C. J.; Grieser, F. Langmuir 1997, 13, 2429-2431.
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method of studying the replacement of adsorbed citrate by incoming thiols, and to probe
citrate directly by IR and XPS spectroscopic methods is attempted.

Herein, the ligand exchange of citrate-stabilized AuNPs (~39 nm in diameter) by
incoming thiols is presented. The primary question to be addressed for this study is
whether the surface citrate on AuNPs is displaced by incoming thiols. A kinetic study of
the ligand exchange is out of the scope these investigations. Ligand-exchange reactions
proceeded while preventing aggregation of AuNPs and keeping the surfaces of the NPs
fully accessible for the exchange. Based on FT-IR (Fourier transform-infrared) and XPS
(X-ray photoelectron spectroscopy) data for AuNPs after thiol addition, displacement of
surface Cl- as well as coadsorption of thiols and citrates are discussed. The ratio between
the amounts of surface citrates and coadsorbed thiolates was quantitatively determined by
XPS analysis. Contributions from the thermodynamic factor of the metal-organic bond
strength and other factors including steric hindrance, chelating effects, and intermolecular
interactions between surface citrates are assessed in order to explain the strong adsorption

of citrate molecules on AuNPs.

3.2 Experiments
3.2.1 Materials
All chemicals were used without further purification unless otherwise stated.
Tetrachloroaurate (HAuUCl:-3H:0), trisodium citrate (NasCesHsO7= H20), 1-butanethiol
(99%), 1-hexanethiol (95%), 1-heptanethiol (98%), 1-octanethiol (98.5%), 1-decanethiol
(96%), 1-dodecanethiol (98%), 1-hexadecanethiol (92%), 4-mercapto-1-butanol (95%),
6-mercapto-1-hexanol (97%), 11-mercapto-1-undecanol (97%), 3-mercaptopropionic

acid ( 99%), s -mercaptohexanoic acid (90%), 11-mercaptoundecanoic acid (95%), 16-



125

mercaptohexadecanoic acid (90%), 4-mercaptobenzoic acid (90%), 2-aminoethanethiol
(98%, Fluka, Switzerland), 4-aminothiophenol (97%), 4-mercaptopyridine (95%), (11-
mercaptoundecyl)tetra(ethylene glycol) (95%, HS(CH:)1:(OCH:CH2)sOH) were
purchased from Sigma-Aldrich. 16-hydroxy-1-hexadecanethiol (99%), 11-amino-1-
undecanethiol (99%, hydrochloride), 4-nitrothiophenol (99%), 11-mercaptoundecyl
trifluoroacetate  (99%), 11-mercaptoundecanamide (99%), and methoxy-capped
tetra(ethylene glycol) undecanethiol (99%, HS(CH:)::(OCH.CH:).OCH3) were obtained
from Asemblon (Redmond, WA). Benzyl mercaptan (96%) and ethyl 2-mercaptoacetate
(97%) were purchased from Avocado Research Chemicals Ltd. (Heysham, Lancs, UK).
Ethanol (EtOH, 200 proof, Pharmco-Aaper or Decon Labs) and sodium hydroxide
(NaOH, Mallinckrodt Chemicals) were obtained from aforementioned companies. Water
was used after purification (Barnstead Nanopure Diamond UV-UF, 17.8 MQ/cm). All
glassware was washed with aqua-regia (3:1, HCI/HNOs) to remove gold particles and
organic contaminants. Glassware contaminated heavily with organic materials and silicon
wafers (Silicon Inc.) were cleaned with piranha solution (5:1, H2SO430% H:02).
Caution! The piranha and aqua-regia solutions are highly corrosive and mixing the
solution is very exothermic. It should be handled with extreme care and appropriate
safety precautions. The aqua-regia or piranha treated glassware was rinsed copiously with

water and dried in an oven at 120 oC at least for 2 h.

3.2.2 Citrate-AuNP synthesis
AuUNPs were synthesized using the Frens method. Briefly, HAuCl.-3H20 (0.0232 )
was dissolved in water (200 mL), and Nas:Citrate-2H20 (0.0227 g) was dissolved in water

(I mL) and added to the boiling gold salt solution all at once with stirring. Heating



126

continued for additional an additional hour, and the resulting AuNP solution was cooled
to room temperature with continuous stirring. The final AuNPs exhibit an average
diameter of 39 nm with ~25% deviation and display an absorption maximum (V ax) at

535 nm.

3.2.3 Addition of thiol solutions to citrate-AuNPs for ligand exchange

Typically, 10 mL of the 39-nm AuNP solution were centrifuged once and the
resulting supernatant solution was discarded. The rest of the centrifuged AuNPs (final
volume < 50 ~L) was added to freshly prepared 10 mL of 1 mM ethanolic thiol solution,
and then sonicated for dispersion. The added thiol amount is estimated to be more than
270 molar equivalents for monolayer formation on AuNPs (see the Appendix). The
reaction mixture was left at room temperature for more than > h without stirring no
matter how fast the NPs aggregated. To ensure completion of the reaction, a ligand
exchange reaction with NO2-Ph-SH proceeded at 40 oC for 3 d. The functionalized
AuUNPs were centrifuged and dispersed in ethanol three times to remove displaced citrates
and excess thiols present in solution. The resultant ~100 *L-emulsion of AUNPs was used

to prepare samples for IR and XPS analyses.

3.2.4 Adsorption isotherm of thiol on AuNPs

To study the early stages of adsorption of thiols on citrate-AuNPs, ligand exchange
reactions were performed, similar to the protocol described above but using different
thiol concentrations. With addition of a small amount of thiol (0.25 < x < 2.00, for a
monolayer coverage, X = 100 ), fractional surface area smaller than the entire surface of

AUNPs can be functionalized. An error in functionalized surface area due to the deviation
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of particle diameter was ignored. AuNP loss during centrifugation was corrected by
measuring the absorbance. Into ~3 mL of redispersed AuNP solution in ethanol, 0.225
mL (x= 0.25) , 0.300 mL (x = 0.67), 0.375 mL (x = 0.42), 0.450 mL (x = 0.50), 0.675 mL
(X=0.75), 0.900 mL (x = 1.00), 1.350 mL (x = 1.50), 1.800 mL (x = 2.00) of 1.5 x 10s
M of 4-nitrobenzenethiol ethanolic solution were added, respectively. The final volume
of each solution was adjusted to 5.0 mL (absorbance = 1.00 in 5 mL of final solutions),

and the resultant solution was left at room temperature for 72 h.

3.2.5 Deprotonation of citrate carboxylic groups adsorbed on AuNPs

The pH was adjusted in order to control the protonation of the carboxylic acid group
of the citrates adsorbed on the AuNPs. Centrifuged citrate-AuNPs were dispersed into
water adjusted to pH ~10. The centrifugation/dispersion step in the pH 10 water was
repeated three times. Irreversibly aggregated AuUNPs were discarded during the

centrifugation before addition of thiol.

3.2.6 UV-Vis absorption spectroscopy
Absorbance of citrate-AuNP solution was collected for a spectral range of 400 - 800

nm using a PerkinElmer Lambda 19 UV/vis/NIR spectrophotometer.

3.2.7 Attenuated total reflectance infrared spectroscopy (ATR-IR)

A PerkinElmer Spectrum 100 FT-IR spectrometer equipped with a MIRacle ATR
(ZnSe crystal, PIKE Technologies) accessory was used. Centrifuged AuNP solution was
transferred onto the crystal and dried with nitrogen gas. Spectra were collected at 4000 -

550 cm.: after ethanol in samples had evaporated. ATR spectra were not corrected.



128

3.2.8 Transmission FTIR spectroscopy

The concentrated AuNPs were spread on a KBr IR card (International Crystal
Laboratories, NJ) and dried with nitrogen gas. Spectra were collected using a
PerkinElemer Spectrum 100 FT-IR spectrometer. Background correction was performed

for samples of pH ~11 to subtract the spectrum of dried NaOH solution.

3.2.9 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were collected using a monochromatic Al Ka source
(1486.6 eV) with a power of 144 W on a Kratos Axis Ultra DLD instrument (Chestnut
Ridge, NY) and a 300 x 700 p,m spot size. A drop-cast film of the functionalized AuNPs
was prepared on silicon wafers, and good coverage of AuNP film was identified by the
absence of Si peaks. Survey spectra were recorded with the pass energy of 160 eV (1 eV
steps, 200 ms dwell), and high-resolution spectra at energy ranges of interest were
recorded with a pass energy of 40 eV (0.1 eV, 400 ms dwell). The base pressure was 2 X
10 Torr. The incidence angle of the incoming X-ray was 54.70, and the electron take-off
angle was 90o. The binding energies shifted by substrate charging were corrected by
referencing the C 1s peak of adventitious carbon to 284.8 eV. The background was
subtracted by Shirely’s method, which was used as a baseline for determining peak areas.

Spectra were fitted using Gaussian/Lorentzian type functions.

3.2.10 Synthesis of citrate-stabilized silver nanoparticles (AgNPs)
AgNPs were synthesized according to a method in literaturess 77 Briefly, 27 mg of
AgNOs was dissolved in 150 mL water (1.0 mM), and the solution was refluxed. With

vigorous stirring, 61.7 mg of NasCitrate-2H20 in ¢ mL water was added to the silver ion
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solution (35 mM, 1% by weight). A milky yellow-greenish solution was obtained, and the
pH was measured as ~s .« . The samples for ATR-IR, transmission IR, and XPS were

prepared by the same methods used for AuNPs.

3.3 Results and discussion

3.3.1 Spectroscopy investigation of adsorption of alkanethiols on
citrate-stabilized AuNPs

Spectroscopy analysis is used to investigate the extent of citrate displacement from
citrate-AuNPs in the presence of alkanethiols. Generally, in the literature complete
replacement of surface citrates on AuNPs by thiols is assumed. Often this is confirmed
based on aggregation of NPs in solution upon addition of thiols. While the negatively-
charged citrate-stabilized AuNPs resist aggregation due to the electrostatic repulsion
between adjacent NPs, the adsorption of thiols on the AuNPs reduces the magnitude of
the electric potential in the double layer on AuNPs and induces attraction. Spectroscopic
approaches were used to investigate the displacement of citrate by thiols using methyl-
terminated alkanethiol. This thiol was chosen because it induces NP aggregation which is
often used to determine citrate displacement and the presence of the methyl group of the
thiol does not interfere in identification of the carboxylic acid and hydroxyl groups of
citrate in IR and XPS analysis. Figure 3.1 presents UV-Vis absorbance spectra exhibiting
the typical red shift of the localized surface plasmon resonance (LSPR) of AuNPs by
adding excess amounts (1 mM ethanolic solution) of 11-undecanethiol (CHz-C1:-SH) into
a solution of citrate-stabilized AuNPs, due to plasmon coupling in the NP aggregates.

The UV-vis method for NP aggregation is an indirect method of studying the replacement
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Wavelength (nm)

Figure 3.1. UV-visible absorbance spectra of citrate-AuNP solution as prepared (grey
spectrum) and after addition of CHs-C11-SH into citrate-AuNP solution (black spectrum).
The red shift of CHs-C1:-SH/AUNPs displays the typical AuNP aggregation upon the
thiol addition. V ax= 532 nm for citrate-AuNP solution.

of adsorbed citrate by incoming thiols, and citrate was probed directly by IR and XPS
spectroscopic methods.

Remaining surface citrate on AuNPs was characterized after the proceeded ligand-
exchange reaction by using spectral signatures unique to the adsorbed citrate species in
IR and XPS. First, a characteristic peak of the COOH hydrogen bond appearing at 1704
cm. was monitored after addition of 11-undecanethiol (CHs-C1:-SH) (the dotted line in
Figure 3.2A), which is assigned to a cyclic COOH dimer.”®° Another COOH hydrogen
bond peak (shoulder) at 1734 cm-" as an acyclic COOH dimer also was observed.”®® %
These peaks of the COOH hydrogen bonds are evidence of interactions between surface
citrate species rather than citrates entrapped in alkanethiolate layers after being desorbed
from the surface. It is unlikely that replaced citrates, possessing one hydroxyl and three
carboxyl groups, are trapped in the hydrophobic SAMs of the alkanethiolate after being
replaced from the AuNP surface. Individual citrate molecule interactions with the

terminal methyl groups of the alkanethiols do not play a significant role in solution since
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Figure 3.2. IR and XPS spectra indicative of coordinated citrate species remaining on
AuNPs after addition of undecanethiol (HsC-Ci:-SH). (A) ATR-IR spectrum of AuNPs
exhibits the characteristic v(C=0) of hydrogen bonded -COOH groups at 1704 cm.
(dotted line) along with vasy(COO-) of surface coordinated COO-Au at 1611 cma
(arrowed). (B) XPS C 1s spectrum of AuNPs shows coordinated COO- on Au surfaces at
287.6 eV. (C) Transmission IR spectra display the unique IR band enhancement of
surface citrate appearing when pH > ~11. The dotted lines are a guide for the peaks. The
peak intensities are diminished (grey spectrum) after drying the sample on the IR card.

van der Waals attraction in ethanol is known to be very weak.® The existence of the
surface citrate is further supported by detection of gold-carboxylate coordination. A
characteristic asymmetric COO- stretching vibration (vas(COOQO)) of a V-COO-Au
coordinate (monodentate) to Au atoms via one of the carboxylate oxygen atoms was
observed, which is not observed for sodium citrate and citric acid not associated with a

surface. This vasy(COO) of the COO-Au coordinate appears at 1611 cm.: as a small, but
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sharp band (arrowed in Figure 3.2A). (The H/D exchange experiments indicated that this
peak of 1611 cm. was not associated with possible low-barrier hydrogen bonds of
COO—H—-OO0C configurations, because the peak did not shift upon deuteration. See
Section 2.3.8. in Chapter 2.) Thus, the COOH associated peaks originate from the
carboxylic acid groups of the adsorbed citrate, and this is direct evidence of incomplete
displacement of citrate by the alkanethiols under typical experiment conditions of ligand
exchange reactions. The concentration of the thiol solution was 1 mM, which is ~270
times larger than that needed to saturate the AuNP surfaces (see the Appendix).

This stability behavior of the AuNPs with other thiols was examined. ATR-IR spectra
of ligand exchange reactions by other kinds of thiols that cause NP aggregation in 1 mM
ethanolic solution, including ro-terminated alkanethiols including CHz:-Cn-SH (n = 5, 15),
OH-Cn-SH (n = 4, s, 11, 16), COOH-Cn-SH (n = 2, 5, 10, 15), NH.-Cn-SH (n = 2, 11),
CONH:-C11-SH, OH-EG.:-Ci1:-SH, CHsCH.OCO-C:-SH, and arylthiols including benzyl
mercaptan ~ (CHsCH:-Ph-SH),  4-mercaptobenzoic  acid (COOH-Ph-SH), 4-
aminobenzenthiol (NH:-Ph-SH), 4-mercaptopyridine (Py-SH) are presented in the
Appendix. Spectra of COOH-terminated alkanethiolate functionalized AuNPs are omitted
due to the presence of the same carboxylic group as citrate. Most of the IR spectra exhibit
the characteristic COOH hydrogen bond peak at 1704 or 1734 cm-L For CH:CH.0OCO-
CLSH functionalized AuNPs, an asymmetric COO- stretching vibration of the n -COO-
Au coordinate (bidentate) is observed at ~1550 cm.. (see the ATR-IR spectrum of ethyl
2-mercaptoacetate functionalized citrate-AuNPs in the Appendix). IR spectra of the thiols
possessing C=0 functionality, such as amide and acetate, are overlapped at the C=0
stretching of the citrate carboxylic groups, but the distinct COOH hydrogen bonds are

characteristic of the citrate carboxylic groups. From the IR studies, it was tentatively
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concluded that surface citrates adsorbed on AuNPs are not displaced completely by

incoming thiols, even after ligand exchange reactions were carried out using a large
excess of thiols.
XPS analysis also provided evidence of remaining surface citrate after the addition of

11-undecanethiol (HsC-C1:-SH). In the C 1s binding energy, two peaks of the carboxylate
group from surface citrate were detected (Figure 3.2B; see the XPS C 1s spectrum of

citrate-AuNPs as prepared in the Appendix). One peak is due to the gold-coordinated
and the other is the free carboxylic group

carboxylate (COO-Au) at 287.6 eV,
(COOH) at 289.4 eV.8®ji The strong peak at 284.8 eV is associated with the long alkyl

chain of the thiol, and the peak at ~286 eV is attributed to carbon contaminants
(hydroxyhydrocarbons) from air on the silicon substrateso although citrate -CH2 and -
COH are located at ~286 eV. Therefore, the presence of the carboxylate carbon in the C
1S region also demonstrates the surface citrate is not completely displaced by the thiol.
It also was speculated that the remaining surface citrates would exhibit unique
vibrational peaks from the surface coordination of the free carboxylate group at pH > ~11.
In the previous studies, it was demonstrated that at this high pH uncoordinated COO-
groups of surface citrates bind to the surface, leading to uniquely enhanced vibrational
bands.”® Briefly, the shift of v(C-H) to higher frequencies at 2986/2977 cm-' stems from

strain in the citrate backbone due to pseudo-ring formation on the surface, and the

vagy(COO0) and vsym(COO) of the monodentate COO-Au coordinate appear at 1611 and

1371 cm-1, respectively. The peak at 1078 cm.: is assigned to v(C-O) of the hydroxyl

“Those peaks can be assigned to be carboxylate (287.6 eV) and protonated carboxyl groups (289.4 eV),
respectively, but the acidic condition upon addition of thiols can exclude the presence of unbound
carboxylate groups. 1) Lin, N.; Payer, D.; Dmitriev, A.; Strunskus, T.; Woll, C.; Barth, J. V.; Kern, K.
Angew. Chem. 2005, 117, 1512-1515. 2) Payer, D.; Comisso, A.; Dmitriev, A.; Strunskus, T.; Lin, N.; Woll,

C.; DeVita, A.; Barth, J. V.; Kern, K. Chem. Eur. J. 2007, 13, 3900-3906.
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group whereas the 825 and 583 cm.: are attributed to an in-plane COO- scissoring and an
in-plane COO- rocking vibration, respectively. The characteristic IR peaks of surface
citrates under the basic condition for HsC-C11-SH functionalized citrate-AuNPs were
observed (Figure 3.2C) and those frequencies were used as additional evidence of
remaining surface citrates. As a result, it was demonstrated that the adsorbed citrate
molecules are not displaced spontaneously by addition of excess amounts of alkylthiol.
By detecting the remaining citrate in the aggregated AuNPs, it was demonstrated that
the NP aggregation-based assayzos9,70 is not plausible to determine quantitatively the
replacement of citrate for the studies of ligand exchange reactions. The thiol-induced
aggregation of citrate-stabilized AuNPs only indicates the adsorption of thiols on the NP
surface, not necessarily the complete displacement of citrate. Even addition of a quarter
molar equivalent amount of the added alkanethiol, which is not sufficient to functionalize
the entire surface area of the AuNPs, caused aggregation of AuNPs (data not shown, but
purple color indicative of ~39-nm AuNP aggregation was observed.). In addition, the NP
aggregation, followed by possible blockage of the surface of individual AuNPs, may
inhibit the citrate-to-thiol exchange reaction from proceeding to completion.* Thus, it
cannot be conclude from the proceeded ligand exchange experiments whether thiols can
replace the adsorbed citrate completely. Taking into account the limit of the ligand
exchange under NP aggregation, the ligand exchange reactions were further investigated

using other types of thiols that resist aggregation of NPs upon surface adsorption.

3.3.2 Investigation of exchange reactions at the surface of dispersed AuNPs
While investigating the ligand exchange reactions of various thiols with different

lengths and functionalities, several thiols that prevent NPs from aggregating were found.
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The thiols include 11-mercanptoundecyl trifluoromethylacetate (CFsCOO-Ci:-SH), 4-
nitrobenzenthiol (NO:-Ph-SH), and CH:O-EG+-C11-SH in ethanolic solution (Figure 3.3;
see UV-Vis spectra of functionalized AuNPs in the Appendix). It also was found that
COOH-C2SH and ethyl mercaptoacetate (CHsCH.OCO-C:-SH) stabilize NPs, but the
reaction media required is water. In these investigations, the potential role of NP
aggregation and possible blocking of the citrate-capped NP surface during ligand
exchange reactions are eliminated, which could contribute to observations of residual
citrate. Investigating ligand exchange using dispersed NPs ensures that the surfaces are
fully accessible during the exchange reaction. Ligand exchange reactions were performed
for the five NP-aggregation-preventing thiols to investigate whether the surface citrate
molecules are spontaneously replaced by the thiols when there is no aggregation and thus
full access to the surface of the NPs.

Figure 3.4 shows XPS C 1s and IR data after the addition of 11-mercanptoundecyl
trifluoromethylacetate (CFsCOO-C1:-SH). Unfortunately, IR spectra of CFsCOO-C11-SH
functionalized AuNPs and the pure thiol overlap in the carboxylic group stretching

window, and thus spectral data are not informative about the presence of surface citrate

Wavelength (nm)

Figure 3.3. UV-Vis absorbance of CF:COO-C11-SH functionalized AuNPs. This shows
little aggregation of NPs during addition of the thiol. Xrax= 532 nm for citrate-AuNPs.
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Figure 3.4. XPS and IR spectra of remaining surface citrate on AuNPs after addition of
CF:COO-C11-SH that does not cause NP aggregation. (A) XPS C 1s region shows the

coordinated COO-Au at 288.3 eV and citrate COH/CH. at 286.5 eV. (B) IR band
enhancement of surface citrate on AuNPs also appears when pH > ~11 (dotted lines).

(see the ATR-IR spectrum of 11-mercaptoundecyl trifluoromethylacetate functionalized
citrate-AuNPs in the Appendix). For the XPS data, the major peaks of the thiol C 1s were
assigned to the P-carbon at 285.4 eV, the a-carbon at 287.1 eV, the carbonyl carbon at
290.1 eV, and the fluorinated carbon at 293.2 eV.s: which is consistent with the result in
this study. The contribution from surface citrate is shown by the peaks located at 286.5
eV (COH/CH2) and 288.3 eV (COO-Au). The other results, from the ligand exchange
reactions with nitrobenzenthiol in EtOH, CHsO-EG.-C11-SH in EtOH, COOH-C2-SH in
water, and ethyl mercaptoacetate in water, also confirm the surface citrate is still present
(see UV-Vis absorbance and IR spectra in the Appendix). The functionalized AuNPs
under solution conditions of pH > ~11 exhibit the enhanced unique IR bands through
coordination of the free citrate carboxylate to AuNP surfaces (Figure 3.4B), as was
discussed above, verifying the presence of surface citrate after the ligand exchange
reaction with excess CFsCOO-Ci1-SH.

One possible reason for observation of citrate is nonuniform thiolate adsorption on
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the AuNP surfaces, rather than formation of a close-packed monolayers. It is known that
methyl-terminated alkanethiols with fewer than six carbons form a relatively disordered
layer on gold clusters, 32 and usually more than ten carbons without bulky terminal groups
are required for the formation of a stable SAM on a planar gold surface. ® 11-
mercaptoundecyl trifluoromethylacetate, COOH-C2-SH and ethyl mercaptoacetate do not
meet this requirement for well-ordered SAM formation, which may result in the
incomplete displacement of the adsorbed citrate. However, in the case of CH:O-EG4-C11-
SH, it should form a stable SAM on a planar gold surface. This indicates that the
potential for ordered SAM formation is not related to the displacement of citrate.
Therefore, the replacement of the adsorbed citrate is irrelevant to the effect of incoming
thiols, and the incomplete displacement of surface citrates with thiols is likely primarily
due to the nature of the coordination of citrate on the AuNP surface.

The ligand exchange reaction also was investigated over a prolonged time (72 h) and
elevated temperature (40 oC). These experimental parameters were adopted from the
thiol-to-amine ligand exchange on Au nanocrystals, where the increased time (72 h) and
temperature (40 oC) leads to the completion of the exchange reaction. o« 4-
nitrobenzenethiol for the incoming ligand was chosen from among the aggregation-
preventing thiols since there is no overlap in the region of the v(C=0) vibration in the IR
analysis. After proceeding with the exchange reaction, the v(C=0) vibration at 1764 cm-
was still observed, which is attributed to a free carboxylic acid of the surface citrate
(Figure 3.5; see the entire spectral region in the Appendix). The coordinated carboxylate
groups of the surface citrate probably transformed to a physisorbed state under the high
thiol concentration (1 mM). The peak at 1662 cm.: is correlated to peaks at 1442 and

1283 cm-1, and this is probably the physisorbed carboxylic acid species coordinating to
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Figure 3.5. ATR-IR spectra of the citrate-to-thiolate exchange reaction on citrate-AuNPs
with using 4-nitrobenzenthiol (NO:-Ph-SH) in ethanol. The vibrational peak of citrate
carboxylic group still remains (grey background region) under (a) high temperature and
long incubation time and (b) common reaction conditions. (c) Pure nitrobenzenethiol is
shown for comparison.

Au atoms through lone pair electrons of the carbonyl oxygen. Those peaks are not related
to the possible reduced species of the nitrobenzene to aminobenzene, ss which is
evidenced by IR spectrum of 4-aminobenzenethiol functionalized AuNPs. It seems that
the nitro group of the thiol promotes stabilization of the physisorbed COOH s The molar
equivalents of the added thiols (~270) are more than that for the complete phosphine-to-
thiol exchange..s Even under the higher temperature (40 oC) and longer reaction time (3
d), the surface citrate on AuNPs was resistant to complete citrate-to-thiolate exchange.
Therefore, it was concluded that facile ligand-exchange reactions of citrate-AuNPs with

incoming thiol does not occur as was observed under common conditions in ethanol.

3.3.3 Chloride displacement by incoming thiols
Displacement of surface chloride upon treatment of ethanolic thiol solutions was

investigated. Although chloride ions contribute to the overall electrostatic repulsion of

7197

citrate-stabilized AuNPs, those ions generally are neglected in the ligand-exchange
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reactions. The displacement of citrate ions by thiols has been considered. For the
phosphine-to-thiol exchange reaction on small gold nanoparticles, surface chloride ions
have been shown to be completely displaced.?® The XPS analysis also demonstrates the
clear disappearance of the surface chloride by the ethanolic thiol solution” (Figure 3.6).
The chloride ions on AuNP surfaces appear at ~270 eV for ClI 2s and at ~200 eV for CI
2p.% Upon addition of the ethanolic solution of CHs-C11-SH to citrate-AuNPs, those Cl
peaks disappear, indicating the entire replacement of surface chloride ions due to high
sensitivity of the XPS signal. Therefore, the displaced negatively-charged species on
AUNPs primarily is the chloride ions, and this can be the main reason for the decrease in
surface charge of citrate-AuNPs. Citrate-AuNPs dispersed in ethanol exhibit a large
negative zeta potential so and displacement of chloride ions by ethanol does not cause NP
aggregation. In fact, short range repulsive forces of the citrate layer protect AuNPs
sterically to stabilize the NP dispersion z1,97,100 together with the negative surface

potential. Van der Waals attractions between thiolate layers overcome electrostatic and

(B)

4
A (x 104)

Binding Energy (eV) Binding Energy (eV)

Figure 3.6. XPS CI 1s spectra of citrate-AuNPs (A) before and (B) after functionalization
by 1-dodecanethiol. Surface chloride ions on citrate-AuNPs are displaced in the ethanolic
thiol solution.

iiiThe XPS analysis in another study showed that surface Cl- ions are displaced by ethanol itself.
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steric repulsions of citrate layers inducing NP aggregation.

3.3.4 Adsorption isotherm of arylthiols for determination of available surface
area in the presence of surface citrates

The absorption of arylthiols on citrate-AuNPs was studied. The unique spectral
signatures provide an opportunity for a more quantitative assessment of the thiolate
adsorption and citrate displacement processes. The adsorption also can be followed over
time since arylthiols do not organize quickly on a Au surface. An adsorption isotherm for
Py-SH adsorption on citrate-AuNPs was measured using ATR-IR spectroscopy. The
characteristic vibrations of the pyridine ring vibrationio:-10s at 1609/1575/708 cm.. were
monitored, and intensities of the vibrational band at 1609 cm-. were used for the amount

of adsorbed Py-SH (Figure 3.7A; see other frequency regions in the Appendix). The

(A) (B)
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Figure 3.7. Adsorption isotherm for Py-SH adsorption on citrate-AuNPs. (A) ATR-IR
spectra of Py-SH functionalized citrate-AuNPs with varied thiol amounts, showing the
dependence of intensities of the pyridine ring vibration at 1609 cm.1 on the thiol amounts.
The thiol amounts added to AuNP solutions are 0.65, 0.54, 0.43, and 0.33 ML,
respectively. (B) Relationship of the amounts between added thiols (Py-SH) to the AuNP
solution and adsorbed thiols on the AuNP surface. The transmittance difference at 1609
cm.1 represents the amount of adsorbed pyridine thiolates.
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amounts of the arylthiol added to citrate-AuNP solutions were 0.33, 0.43, 0.54, and 0.65
ML compared to a monolayer coverage on the AuNP surface. Analysis of the IR spectra
shows a linear relationship between the amount of adsorbed thiolate and the thiol
concentration in solution (Figure 3.7B). From the plot of the adsorption isotherm, it also
was found that the signal loss of the Py-SH vibration frequency was about 0.3 ML. To
minimize possible desorption of the arylthiol during the centrifugation and redispersion
step, the functionalized AuNP solution was centrifuged once without further purification.
The repeated sonication and centrifugation in the purification step cause temperature to
be elevated, which may affect the nonordering of the thiolates. The final volume after one
cycle of centrifugation is less than 100 ~L, and it is very minute compared to 5 mL of the
initial volume, and thus the amount of left-over thiols in the final centrifuged solution is
negligible. In the IR data, there is a possibility of overestimating the thiols compared to
other surface adsorbed species without purification due to admolecules, 104 but the
saturation feature should be shown even with a shift of the saturation point. For
determination of the adsorbed thiolate amounts, the surface coverage of the benzenethiol
was chosen to be 4.3 x 10« thiols/cm2ivwhich was estimated by STM image of the
molecule on a planar gold surface. i0s

The adsorption of pyridine thiols (Py-SH) on citrate-AuNPs was investigated
quantitatively by XPS analysis (Figure 3.8). In this study, amounts of the thiol were
determined by XPS peak areas, and the peak areas of S 2p and N 1s were obtained as

characteristic of Py-SH. These peak areas of Py-SH were compared with those of C 1s,

""Another value of the benzenthiol coverage on Au(111) in literature is 6.3 x 1014thiols/cm2 that was
estimated by XPS, but with the smaller value we may not miss the transition to saturation.
For the larger surface coverage, see: Whelan, C. M.; Smyth, M. R.; Barnes, C. J. Langmuir 1999, 15, 116-
126. For a smaller coverage of benzenethiol (3.3 x 1014 thiols/cm2), see: Whelan, C. M.; Barnes, C. J.;
Walker, C. G. H.; Brown, N. M. D. Surf. Sci. 1999, 425, 195-211.
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Figure 3.8. Relative amounts of Py-SH adsorbed on citrate-AuNP surfaces as change of
added amounts to the AuNP solution, determined by XPS peak areas. (A) Ratios of the
peak areas of S 2p based on citrate C 1s at 288 eV (¢) and Au 4f at 84.0 eV (A) were
plotted for Py-SH coverages, respectively. The dotted line indicates coverage saturation

at ~0.75 ML. (B) Ratios of the peak areas of S 2p and N 1s are constant regardless of Py-
SH coverages, which show the accuracy of amount determination by XPS peak areas.

assigned to be primarily due to citrate, at 288 eV and Au 4f at 84.0 eV. The amounts of
the added thiol to the AuNP solutions were varied from 1/6 to 1 ML based on a
monolayer coverage on the entire AuNP surface. In Figure 3.8A, the ratios of the peak
areas between S 2p of Py-SH and C 1s of citrate at 288 eV as well as S 2p and Au 4f are
plotted, respectively. The ratios of S;pAu4f increase as the amounts of added Py-SH
increase up to ~5/6 ML, showing a linear relationship between the amount of adsorbed
thiolate and the thiol concentration in solution. This indicates that the thiols are adsorbed
on the AuNP surfaces from the solution until all available areas of the AuNP surface are
occupied, which is consistent with the spontaneous adsorption of thiols on a gold surface.
The plot of S:pCls also shows the similar adsorption isotherm as that of S:p/Au4f. Both
plots illustrate a saturation of Py-SH on citrate-AuNPs. Saturation of the thiol adsorption
on the AuNP surface is defined when 2/3 - 1 ML of the thiol was added. Note that the

minimum amount of adsorbate to functionalize the whole surface of the AuNPs is 1 ML
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when the sorption equilibrium on the surface is strongly favored. Adsorption saturation
prior to 1 ML suggests some of the AuNP surfaces are already occupied by citrate
molecules. The adsorption saturation can be set at 4.5/6 ML (i.e., 0.75 ML), but this value
is likely overestimated due to possible interactions of pyridine with carboxylic groups:os
of surface citrate. In Figure 3.8B, ratios of S 2p and N 1s of Py-SH were plotted for each
coverage, and the resulting constant ratios show an independence of the XPS intensities
of Py-SH thiol regardless of the thiol coverages as expected. This supports that the
determination of the amount of adsorbed thiolate by XPS peak areas is very accurate.

The adsorption of another kind of arylthiols (NO2-Ph-SH) on citrate-AuNPs also was
investigated using ATR-IR spectroscopy. 4-nitrobenzene thiol (NO:-Ph-SH) was chosen
for this surface titration, because it does not cause citrate-AuNP aggregation irrespective
of concentration up to 1 mM and 3 d of the reaction time. The reaction solution was left
at room temperature for 72 h since it has been reported that thiolate adsorption with the
given amount is saturated within 72 h.'” The intensity of the vyn(NO2) vibration at 1336
cm-1 was monitored from ATR measurements as the amount of added thiol was increased
from a quarter (x = 1/4) up to two fractional surface coverage (x = 2.0) (Figure 3.9A; see
the entire spectral region at 4000 - 550 cm.. in the Appendix). The C=0 stretching
vibration by hydrogen bonds between the citrate carboxylic groups and the C-H
stretching vibrationsvaround 2900 cm.. from the adsorbed ethanol are observed beyond
the saturation point. Figure 3.9B shows the adsorption isotherm of NO2-Ph-SH on citrate-
stabilized AuNPs using IR analysis. Taking into account the presence of surface citrate
and ethanol, combined with the possible admolecules due to skipping the purification
step and the adsorption equilibrium in solution, the saturation point at x=- 10 implies

VThe C-H stretching of a benzene ring is above 3000 cm-1
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Figure 3.9. Adsorption isotherm of NO:-Ph-SH on citrate-AuNPs. (A) ATR-IR spectra of
the AuNPs functionalized by varied amounts of NO.-Ph-SH (1/4 - 2 ML). Note that
adsorbed ethanol and surface citrate are still present, which are characterized by v(CH3)
and v(C=0) vibrations, respectively (faint grey backgrounds). (B) Relative amounts of
NO:-Ph-SH adsorbed on AuNP surfaces as change of added amounts to the AuNP
solution, determined by IR peak intensities of ven(NO2) vibrations (dark grey
background in A). The dotted line was arbitrarily set at the maximum coverage.

that the arylthiolate cannot be occupying the entire AuNP surface. This adsorption
isotherm also verifies the remaining surface citrate upon thiol treatment. Analysis of the
surface saturation by XPS has not been attempted since the nitro group (N 1s at ~405 eV)

108 7achariah and

is reduced to the amine group (N 1s at ~400 eV) under the XPS beam.
co-workers measured the layer thickness of ::-mercaptoundecanoic acid adsorbed on
citrate-stabilized AuNPs, which is 35 % less than the predicted value, and they speculated
that the thiolate layer on AuNPs is less dense than the well-packed SAMsass This

observation can be explained by lower surface coverage of the adsorbed thiolate than

expected due to partial occupation of AUNP surfaces by citrate.
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3.3.5 Local phase separation between the surface citrate and
adsorbed alkanethiolate during coadsorption

The addition of thiols to the citrate-AuNP solution resulted in the coadsorption of
thiols with the surface citrates. While arylthiolate adsorption provides the semi-
quantitative IR signals for determination of void areas on the surface, alkanethiolate
adsorption can offer additional information about the nature of the coadsorption process
due to possible formation of phase-separated regions through van der Waals attractions of
the hydrocarbon chains. Related to the surface coverage as discussed above, similar
results with alkanethiols (CHs:-C11-SH and HO-C::-SH) and arylthiols (NO:-Ph-SH and
Py-SH) were obtained (see transmission IR spectra of thiol functionalized citrate-AuNPs
with varied thiol amounts in the Appendix). The critical amount of thiols for the saturated
layer coverage varies slightly with functionalities and types of thiols, but a value less than
0.65 ML is consistent over different thiols. Two unique aspects from alkanethiolate
adsorption were observed. While the amounts of added thiols increased gradually, the
intensities of IR bands of ro-terminated alkanethiolates grew significantly around the
saturation point of 0.65 ML into the monolayer-like feature, which can be distinguished
by the characteristic C-H stretching vibrations at 2917/2850 cm-1 For example, the
intensity of C-H stretching peaks of OH-C11-SH thiols at 2917 and 2850 cm-
dramatically increased when the amounts of added thiols increased from 0.33 to 0.65 ML
(Figure 3.10A; see the entire spectral region in the Appendix). Although the thiol
amounts increased to 1.3, 2.6, and 5.2 ML, the amplitude of the C-H stretching bands did
not increase further. This can be explained by a cooperative adsorption of the alkanethiol
before the alkanethiolate layers were well-organized for far less than a monolayer

coverage (~0.65 ML), which also implies possible interactions of the alkanethiolates with
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Figure 3.10. Transmission IR spectra in the region of the C-H stretching vibrations for
citrate-AuNPs functionalized by varied amounts of OH-Cn-SH. (A) Adsorption
saturation of the thiol appears prior to ~0.65 ML, which indicates the presence of
remaining adsorbates on the AuNP surface. (B) The similar positions of the C-H
stretching vibrations regardless of surface coverage.

preadsorbed citrate. Arylthiols did not show the dramatic change of IR band intensities
including the C-H stretching region due to a lack of strong intermolecular interactions.
Due to the cooperative nature and possible configuration change of the alkanethiolate
adsorption, 10 the absolute amount of the adsorbed alkanethiolate cannot be linearly
correlated with the intensity profile of the C-H vibrations. The adsorption states, i.e.,
physisorbed/chemisorbed and lying-down/upright configurations, likely change near the
saturation point. Prior to the coverage saturation, the relatively weak intensity of the C-H
stretching vibrations probably originates from loss of the majority of the weakly
physisorbed thiol during purification steps.

Consequently, there is evidence indicating the presence of cooperatively adsorbed
regioniio Of alkanethiolates on the citrate-AuNP surface. To explain the above ligand
exchange results, which indicate the cooperativity of adsorbed alkanethiols prior to the
saturation point of less than a monolayer coverage, phase-separated regions of thiolate

and citrate in nanometer-scale domains on a AuNP (111) surface are proposed, based on



147

the organized citrate layer on AuNPs’? and the proposed CHs-C9-SH monolayer on a 2-D
Au surfaceinn (Figure 3.11). This coadsorbed layer cannot be called homogeneous since
there is no direct chemical interaction between the two different types of molecules.
Assuming that surface citrate is not desorbed, three alkanethiolates can interact with
maximum van der Waals interaction of the hydrocarbon chains and without being
interrupted by adsorbed citrates (Figure 3.11A). This ligand layer consists of two
adsorbed and one free citrate species for each group of three alkanethiolates, which leads
to the 1:1.5 ratio between adsorbed citrate species and alkanethiolates. With loss of half
of the free citrate species, however, up to eight alkanethiolates can bind to the surface for
every five surface citrates (four coordinated plus one free citrate species) (Figure 3.11B).
This produces the 1:2 ratio between adsorbed citrate species and alkanethiolates. The

local phase-separated layer accounts for the partial displacement of citrate by thiol.

(A (B)

Figure 3.11. Phase-separated citrate and thiolate (CHs-Cs-SH) layer on AuNP (111)
surface at nanometer-scale domains. Surface gold atoms (orange spheres) on a gold (111)
surface are illustrated as a space-filling model whereas citrate and alkanethiolate
molecules are depicted as a ball-and-stick model. Note that there are eight alkanethiolates
in a local SAM, which results in loss of half free citrate species.
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Therefore, the formation of the alkanethiolate layer, combined with the organized citrate
layer.77 indicates that the surface layer may be composed of a stable and phase-separated
ligand layer at the nanometer-scale domain on AuNPs. The surface coverage by
alkanethiolates can be estimated to be 33.3 - 44.4% on the AuNP (111) surface,
compared to the entire monolayer coverage (see the comparison of surface coverage of
alkanethiolates on a surface of citrate-AuNPs in the Appendix).

Since the pattern of the citrate assembly on (100) and (110) surfaces is identical to
that on the (111) surface (see Section 2.3.9 in Chapter 2), a similar surface coverage by
alkanethiolates is expected for (100) and (110) surfaces of the AuNPs. The shape of
large-sized AuNPs (> 10 nm) is typically a truncated octahedron which the majority of
the AuNP surface consists of (111), (100), and (110) surfaces (see Section 2.3.9 in
Chapter 2). Thus, the surface of citrate-AuNPs can be considered to be those surfaces,
and the effect of edge and vertex sites is likely negligible. Also, surface defects are
expected to be very minor due to the crystalline nature of the AuNPs.

The other unique aspect of the alkanethiolate adsorption is that not only the intensities
of the C-H stretching vibrations increased significantly around the saturation coverage at
0.65 ML, but also the shapes and positions of the C-H stretching vibrations are almost
identical through all ML-amount samples (Figure 3.10B). This strongly implies the local
assembly formation of the adsorbed alkanethiolate is identical regardless of overall
surface coverages. The adsorption state of the alkanethiolate layer observed by IR does
not change, but the population of the layer shows dependence on the amount of added
alkanethiol. The model of citrate adsorption on AuNP surfaces also is used to interpret
this observation (Figure 3.12). When the amount of added alkanethiols is not enough to

functionalize void areas other than the surface citrates, the alkanethiols of physisorbed
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Desorption of
physisorbed thiols

Figure 3.12. Proposed adsorption configurations of alkanethiolates (CHs-Cs-S-) on AuNP
(111) surface prior to saturation. (A) The network of surface citrates allow for
intermolecular interactions between no more than three thiolate molecules. (B)
Presumably physisorbed thiolates with one or two molecules are desorbed from the
surface, and only the domains with three thiolate molecules remains due to feasible
intermolecular interactions and subsequent transformation to chemisorbed state.

states are likely desorbed from the nanometer-scale local domains due to lack of
intermolecular interactions during purification steps through centrifugation/redispersion.
Figure 3.12A illustrates random adsorption of alkanethiols at the local domain on AuNP
(111) surface. Using one of the models (Configuration A in Figure 3.11), it is assumed
that three alkanethiol (CHs:-Cs-SH) molecules are required for relatively strong
chemisorption and formation of the stable thiolate-layers in one domain. Only local
domains with three alkanethiol molecules adsorbed remain after the purification step, and
one or two alkanethiolate molecules at other domains are desorbed due to lack of
intermolecular interactions and consequent failure for transformation into the
chemisorbed state (Figure 3.12B). This results in the same thiolate-layer formation at all
domains with surface citrates, but the population of the thiolate-layer is far less than after
saturation (Figure 3.11A), which is consistent with the IR data in Figure 3.10. Using the

other model of alkanethiolate adsorption (Configurtion B in Figure 3.11) will result in a
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different number of alkanethiolates required for transformation to the chemisorbed state.
It is known that ordering of short-chain alkanethiols and arylthiols become favorable in
the presence of preadsorbed molecules due to potential interactions between the two
different adsorbates for the layer formation.'*?,"* The existence of other absorbates, i.e.,
citrates in this study, probably promotes the formation of the alkanethiolate layers even
with several thiolate molecules on the surface. Due to intermolecular interactions with the
surface citrates, adsorbed alkanethiolates exhibit the ordered monolayer feature even less
than a monolayer coverage. It is also known that ro-terminated alkanethiolates can form a
phase-separated microscopic SAM on a gold surface. 114

The phase-separated SAMs on AuNPs with perfluorinated and nonfluorinated
alkanethiolates have been demonstrated.1:s The route for the phase separation in this
literature is different from that for the thiolate-citrate layer with preadsorbed citrate
species, but favorable interactions between homo-ligands are required for both phase-
separated SAMs. The former is governed by hydrophobicity, but the latter is driven by
hydrogen bonds:is of the citrate carboxylic acids and van der Waals interaction of the
alkanethiolates. Au-thiolate species may be mobile on the surface for maximum van der
Waals interactions between the hydrocarbon chains:i7-119 in the framework of the self-
assembled layer of citrate formed mainly by hydrogen bonds of the COOH groups as the

surface citrates likely diffuse on the surface.

3.3.6 Quantitative determination of surface coverage between
citrates and thiolates by XPS analyses
The fractional surface coverage of thiolates after addition of thiols was estimated,

using the XPS C 1s spectrum for COOH-C.-SH/AuUNPs. Due to the detection limit
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challenges NMR? is not the appropriate technique to monitor the fractional changes of
the adsorbed citrate species. Since the chain length of the thiol (mercaptopropionic acid)
is comparable with that of citrate (hydroxypropane tricarboxylic acid), the intensities of
electrons ejected from carbons for both adsorbates, i.e., citrate and COOH-C:-SH, can be
assumed to be identical. It also was assumed that possible intensity deviations due to NP

120

curvature effect™™ were cancelled out through signal being averaged over the sample area
which is large compared to the individual NPs. Direct determination of adsorbate
amounts by the C/Au atomic ratio, which is valid for a planar 2-D surface, cannot be used
for the spherical AuNPs, but the relative amounts of each adsorbate can be directly
estimated by the relative C 1s intensities between COO-Au and COOH. Given the ratio
of the XPS C 1s peak area of COO-Au and COOH of 1:2.9 (see the XPS C 1s spectrum
of 3-mercaptopropionic acid functionalized citrate-AunPs in the Appendix) and the ratio
of COO-Au and COOH species per citrate trimer unit (i.e., two coordinated and one free
citrates) to be 4:5, the ratio of the citrate trimer and thiolates becomes 1:6.6,vi which
results in the 1:2.2 ratio of the surface citrate and thiolate. The surfaces of AuNPs are
still adsorbed by large amounts of citrate (surface coverage of ~31 % by adsorbed citrate
species). When the ratio of COO-Au and COOH species per citrate trimer unit changes
from 4:5 to 3:6 (i.e., a terminal COO- from one of the two adsorbed citrate species turns
to be unbound and involve hydrogen bonds with COOH formation), which is suggested
by the direct hydrogen bond formation between adsorbed citrates,”* the ratio of the
surface citrates and thiolates is 1:0.9. However, this approach dependent upon the
analysis of the concentrations of two adsorbed species was not confirmative to determine

"Given the amount ratio of citrate trimer (x) and thiol (y); COO-Au : COOH = 1:2.9 = 4x:(5x + V),
which results iny = 6.6x.
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the surface coverages due to unknown XPS signal-to-concentration response from the
surface citrate as mentioned above.

A new method of a quantitative analysis was developed for determination of surface
coverage of citrates and alkanethiolates. This method is based on plotting concentration
ratios of citrates and alkanethiolates with varied alkanethiol lengths, assuming that
thecitrate concentration is fixed. The concentrations were determined using peak areas of
XPS C 1s, which characteristic C 1s of citrates at 288 eV and C 1s of alkanethiolates at
284.8 eV were used for the peak areas and thus the concentrations of the adsorbed
molecules (Figure 3.13). This plot shows the results as the length of the alkanethiolates
was increased systematically from 4 carbons to 12 carbons under saturated conditions of
surface adsorption. The slope directly indicates the ratio of amounts of citrates and
thiolates adsorbed on the AuNP surfaces (Figure 3.13A). For example, if the slope
(Cighiol/Ciitrate) is 1, the ratio of amounts is citrate:thiolate = 1:1. If the slope is 2, the
ratio of amounts is citrate:thiolate = 1:2. This function of the peak area ratio with respect
to the alkanethiolate length provides an ease of XPS quantitation for the determination of
surface coverage on NP surfaces whereas adsorption isotherm'® is so subtle that it can
cause a significant error and many XPS parameters‘** are usually required for
quantitative analysis on rough surfaces. In the plot, the obtained slope is ~1.7, and the
amount ratio can be concluded to citrate:thiolate = 1:1.7. vii This result is consistent with
the models of the alkanethiolate adsorption on Au(111) in Figure 3.11, which the ratio of
the number of adsorbed molecules in the unit cell (adsorbed citrate:alkanethiolate) is 1.5

(Figure 3.11A) - 2.0 (Figure 3.11B). Therefore, the coverage density of alkylthiolates

VilThe coverage densities of surface citrate on (110) and (100) surfaces, which are the most populated
facets together with the (111) surface for large AuNPs, are similar to that on the (111) surface. See Section
2.3.9 Citrate polymeric chains as building blocks on other facets of the AUNPs in Chapter 2.
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Figure 3.13. Adsorption ratio between adsorbed citrate and alkanethiolate on AuNPs,
determined by XPS analysis. (A) Plot of ratios of C 1s peak area between adsorbed
citrates and alkanethiolates with respect to the length of hydrocarbon. The slope (1.68)
directly represents the adsorption ratio. Inset in (A) shows constant ratios of peak areas
between S 2p and Au 4f, which indicate consistent surface coverage by the
alkanethiolates regardless of the hydrocarbon length. (B) Plot of ratios of C 1s peak area
at 284.8 eV with respect to the length of alkanethiolates, which exhibits a linear
dependence of the hydrocarbon length.

determined from the XPS analysis in this study is 1.9 thiolates/nm (3.4 thiolates/1.79
nm? = 1.9 thiolates/nm?; 3.4 alkanethiolates adsorbed in the unit cell area of 1.79 nm?).
This value is ~42% smaller compared to the coverage of the close-packed SAM of

111

alkanethiolates on a planar gold surface (4.5 thiolates/nm?)™* and in good agreement with

the thiolate density on citrate-AuNPs determined by the fluorescamine-based assay (1.63

2 The surface coverage by different alkanethiolates on AuNP surfaces is

thiolates/nm?).
constant, evidenced by constant ratios of the peak areas between S 2p and Au 4f
regardless of the chain length of the alkanethiolate (inset, Figure 3.13A). The linear plot
of ratios of peak areas from thiolate C1s at 284.8 eV and Au 4f at 84.0 eV show a linear

dependence of the length of alkanethiolate, which indicates error of the Cls peak area

from adventitious carbons is consistent through the samples (Figure 3.13B). Adsorption



154

of adventitious carbons could be considered as a systematic error, and thus the ratios
from the peak area of the alkanethiolate C 1s at 284.8 eV are still appropriate. In addition,
the ratio-based analyses of peak areas in the XPS studies can compensate the possible
effect of photoelectron attenuation® ' in the XPS intensity resulted from thick organic

layers, although this effect may be negligible due to the loosely-packed layer of

alkanethiolates on AuNPs.

3.3.7 Origin of the strong adsorption of citrates on AuNP surfaces

The preconception for the easy displacement of adsorbed citrate by thiol is based on
the difference in the chemisorption energy on a Au surface. The typical chemisorption
energy of thiolates (Au-S) is about 40 kcal/mol whereas that of carboxylates (Au-OOC)
is about 2 kcal/mol. Due to the strong energy of the Au-S bond, incoming thiols are
believed to replace the adsorbed citrates spontaneously. For the phosphine-to-thiol
exchange, Hutchison and co-workers demonstrated complete displacement of the
adsorbed triphenylphosphine (PPh3) by incoming thiols using NMR spectroscopy.zs.i126
The labile Au-P bond is exchanged by the strong Au-S bond since Au-P bond is weaker
than Au-S bond. Adsorption enthalpy of trialkylphosphine on Au is ~30 kcal/mol,**’ '*
and computed free energy of adsorption of single PPhs molecules on a Au(111) surface is
~15 kcal/mol.™® Unlike the monodentate phosphine ligand, however, the chelate effect
can play a critical role in adsorption strength of the polydentate citrate on a surface. It is
known that the SAMs from chelating dithiolates are more stable than that from normal
thiolates ss130-132 and chelating dithiocarbamatewiii exhibits resistance to displacement by

133

other alkanethiols. Citrate adsorption on AuNP surfaces was characterized as

"“Electronic resonant effect also plays a role in the binding stability.
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coordinating through one of the terminal and the central carboxylate groups. This chelate
effect is partially responsible for resistance to desorption of the surface citrate on AuNPs.

Not only the chelating coordination by two carboxylate groups, but also the
intermolecular interactions between surface citrates play an important role in the strong
adsorption of citrate. It is hypothesized that surface citrates form an organized network
through hydrogen bonds of the free terminal carboxylic acid groups and van der Waals
attraction between citrate CH. fragments. Although the surface coverage of adsorbed
citrate species on AuNPs is ~31%, and thus ~69% of the potentially vacant surface is
sufficient for ligand exchange, the intermolecular interactions of surface citrates do not
allow individual citrates to be spontaneously desorbed from the surface. The strength of
hydrogen bonds of carboxylic acid groups between adjacent citrates are remarkable (total
~14 kcal/mol; ~7 kcal/mol per bond of carboxylic acid dimers at room temperature) **-**’
compared to the single carboxylate-Au interaction (~2 kcal/mol).”” Additionally, van der
Waals attraction between two CH2 moieties can be 1.4 - 1.8 kcal/mol *** (0.8 kcal/mol as a
lower limit, determined for alkanethiolates on goldix surfaces13®). Although the adsorption
energy of single citrate molecules on a Au(111) surface is very weak (~8.5 kcal/mol

129 the intermolecular interactions can

computed in dilute aqueous solution at pH = 7),
significantly contribute to overall adsorption energy (14 + 0.8 kcal/mol as a lower limt),
resulting in the total energy of adsorption of ~23.3 kcal/mol (14 + 0.8 + 8.5 kcal/mol).
Moreover, the entropy gain from the network of citrate self-assembly likely contributes to

the adsorption energy in an additive manner and increases the barrier for desorption. Thus,

a facile citrate-to-thiol ligand exchange does not necessarily occur due to

xOn Ag(111), the hydrophobic interactions and intermolecular forces between hydrocarbon chains is
~1.0 kcal/mol per CH2: Hatchett, D. W.; Uibel, R. H.; Stevenson, K. J.; Harris, J. M.; White, H. S. J. Am.
Chem. Soc. 1998, 120, 1062-1069.
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enthalpy/entropy gains from the intermolecular interactions. The well-known assumption
regarding the citrate displacement based on the weak gold-carboxylate interaction fails to
predict the exchange behavior of surface citrate with thiolate ligands.

The surface citrates also influence the physisorption of thiols. The strong energy of
the Au-S bond on chemisorption is achieved by following a physisorbed state on the
surface. 104 In the physisorption process, van der Waals attractions are dominant, and a
favorable physisorption eventually leads to chemisorption ..o« However, the surface
citrates may diminish the physisorption of thiol by hampering van der Waals interaction
of thiols and by isolating the physisorbed thiols. The model of the citrate organization on
the AuNP surface may suggest that maximum number of thiolates involved in van der
Waals interaction is only eight alkanethiolates (Figure 3.11). The chemisorption of
thiolate on the AuNP surface possessing surface citrate is not as favorable as on a planar
2-D surface in absence of preadsorbed molecules and is not strong enough to overcome
the energy barrier for desorption of the interconnected surface citrates. Nonetheless, the
adsorption of thiols on AuNPs results in a stable ligand layer with citrate. On the other
hand, thiolate adsorption can also influence the Au-carboxylate interaction of adsorbed
citrate. A physisorbed carboxylic acid on the AuNP surface was detected, probably due to
proton transfer from thiol to coordinated carboxylate species in the acidic condition upon
addition of thiols. When 4-nitrobenzenthiols are adsorbed on citrate-stabilized AuNP
surface, new peaks appear at 1662, 1425, and 1283 cm-1 The binding of carboxylic acid
by the carbonyl oxygen (on Au surface?) on a copper surface shows characteristic
symmetric/asymmetric v(C=0O)cooH vibraions at 1662 and 1283 cm-L It was
demonstrated using :H-NMR where free oleic acid donated the carboxylic acid proton to

coordinated oleate on CdSe quantum dots.1s0 The transformation of the binding state
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between physisorption by the carbonyl oxygen and chemisorption by the carboxylate
oxygen(s) seems to have low activation energy on AuNP surfaces. Nonetheless, the
change of adsorption states of the Au-COO(H) does not alter the desorption behavior
upon thiol addition. The network of citrate organization due to intermolecular interactions
disturbs the adsorption of incoming thiols.

The effect of electrostatics on the adsorption/desorption events on citrate-AuNPs also
was assessed in this study. It has been reported by Song and Murray that ligand exchange
is dependent on electric charge of metal cores for gold clusters.iax They found that the
ligand exchange between adsorbed and incoming thiols is accelerated by positively
charging the gold clusters due to probable increase the polarity of Au-S bond and results
in enhancement of the bond lability for the ligand exchange. This may be related to
reductive desorption and oxidative adsorption of thiols on metal surfaces. In this study it
is attempted to correlate the surface potential of citrate-AuNPs with desorption of the
surface citrates and oxidative adsorptionsos,1s2 Of thiols. The surface charge of the electric
double layer of as-prepared citrate-AuNPs is negative, i.e., zeta-potential between -33
mV and -43 mV for AuNPs used in this study (39 nm + ~20« ).14s Expectedly, the
surface potential drop toward 0 mV would likely cause the polarity of the Au-OOC bond
to decrease and thus make the coordinated carboxylate group less labile. Decreased zeta-
potential of citrate-AuNPs upon thiolate adsorption would hamper citrate desorption from
the surface of AuUNPs under electrostatic effects. For 39-nm citrate-AuNPs exhibiting the
zetal potential of -40 mV, particle charge (q)xis 6.7 X 10-19 C and thus 4.2 e...s Although
zeta-potential of bare gold films exhibit a drastic change as a function of pH, s that of
citrate-AuNPs show a little fluctuation from -40 mV at pH 5 - 12 before reaching the

Xq = 4nsr£ (s: permittivity of water, r: radius of the particle, £: zeta potential)
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isoelectric point at around pH 4.5 and subsequent aggregation in solution.®® Thus, H*
presumably generated by thiolate formation and OH- ions do not have a significant
influence on the electric double layer of the citrate/Au interface for AuNPs. This also
implies a robust interface through citrate/Au interactions. It was reported that the zeta-
potential of negatively-charged citrate-AuNPs became less negative when thiols with
neutral functional groups were adsorbed on AuNPs 143 Therefore, citrate desorption with
thiolate adsorption would be hindered by the adverse electrostatic effect on citrate-
AuNPs, which is consistent with experimental observations in this study. Nonetheless,
the charging effect on citrate desorption may not be influential, because the metal-
molecule interaction is very weak compared to the intermolecular interactions between
citrate molecules adsorbed on the AuNP surfaces. Even if citrates were desorbed from
surfaces, they probably would remain on the surface without dissolving into solutioniass
due to the strong intermolecular interactions. In addition, a noticeable change of the metal
oxidation state after the thiolate functionalization was not observed for citrate-AuNPs.
The ratio of XPS peak areas of Au 4f for Au(l)/Au(0) is constant at ~0.1 despite the
thiolate adsorption. The change of zeta potential on the thiolate adsorption above is
probably due to NP aggregation through van der Waal interactions between the thiolate
layers, rather than change of electrostatics on the metal/organic interface of dispersed
NPs.

The chemisorbed thiolates and adsorbed citrates lead to the formation of coadsorbed
ligands on AuNPs. It is expected further that ligand exchange of thiol in the coadsorbed
layer is very slow due to steric hinderance from the adsorbed ligands. Murray and co-
workers found that most of the ligand exchange reactions between adsorbed and

incoming thiols on gold clusters occur fast at vertex and edge sites whereas the exchange
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147

reactions on terrace sites are very slow. ™" The thiol-to-thiol exchange on Au nanocrystals

is explained by an associated mechanism2? 11 147 4§ on vertex and edge sites and a
dissociative pathway on terrace sites 149 Taking into consideration the high ratio of
terrace sites on the large AuNPs in this study the citrate-to-thiolate exchange probably
follows a dissociative pathway. In this case, the rate-determining step is desorption of the
surface citrate, and this is expected to be very slow due to the stable layer formation
between the thiolate and the surface citrate. The steric hindrance of the coadsorbed ligand
layer may hamper the approach of incoming thiols onto the Au surface iss and the
entrapped citrate layer by thiolate, especially for long ro-terminated alkanethiolates, may
prohibit desorption of citrate. The steric effect is known to resist incorporation of
incoming species on a metal surface from solution.ss.1s0151 Even polynuclear iron(ll1)-
citrate complexes exhibit slower dissociation of citrate by incoming ligands than di- or
trinuclear species due to the steric effect is2.154 It is obvious that the citrate exchange on
metal surfaces is not Kinetically favorable compared to metal ions. Difficulty in citrate
desorption from the AuNP surface is more pronounced on the stable thiolate-citrate
ligand layer. As demonstrated above, thermodynamics of the citrate adsorption is very
favorable, and citrate desorption in the resultant ligand layer may not happen at all by
other thiols. If any, the partial exchange reaction probably occurs at vertex and edge sites.
Hampered ligand exchange on terrace sites on AuNPs is responsible for the partial

displacement of citrate.

3.3.8 Challenges in formation of thiol-based organic layers on AuNP surfaces
The steric and chelating effects and the prevented transformation of thiols to the

chemisorbed state derive from the intermolecular interactions of the hydrogen bonds
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between surface citrates. In general, intermolecular interactions between adsorbed
molecules on metal surfaces have been considered to be of secondary importance. Recent
explorations for robust organic layers on metal surfaces have been focused on how single
functional groups can tightly coordinate to the surfaces. This is the main reason for the
wide use of the thiol-based layer in nanotechnology. Alternatively, it can be suggested
that a molecular layer on metal surfaces with weakly coordinated functional groups
including carboxylate and possibly hydroxyl, phosphine or phosphate groups can be as
effective as the thiol-based organic layer when intermolecular interaction between the
weakly-binding groups are properly manipulated. The carboxylate or phosphate-based
molecules may be even superior to the popular thiol compounds that are potentially
oxidized to sulfate under some conditions and desorb from surfaces iss Sophisticated
molecular design for both surface anchoring groups and laterally interacting moieties
must be required for this approach, and a pH effect is expected to be critical. The
suggested approach of incorporating strong intermolecular hydrogen bonds can open
avenues for exploring methodologies towards formation of a robust organic layer on

surfaces using the low-cost,x nonoxidizing carboxylate or phosphate compounds.

3.4 Conclusion
Ligand exchange reactions of citrate-AuNPs by incoming thiols were studied by IR
and XPS analyses. It has been assumed that surface citrates are displaced spontaneously
by addition of thiol molecules on gold surfaces due to the formation of strong Au-S bond

at the expense of weak Au-COO interaction, but quantitative spectroscopic evidence of

xiFor example, 5 g of CH3-C11-SH (purity 98%) costs $58.90 whereas 25 g of CH3-C93-COOH (purity
98%) costs $22.80 (Sigma-Aldrich, May 2012), which the carboxylic acid is much cheaper than the
alkanethiol with comparable molecular length.
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citrate desorption has not been presented in the literature. The IR and XPS analyses in
this study indicate that citrates adsorbed on AuNPs are not replaced significantly by
thiols, and the thiolates are coadsorbed with the adsorbed citrates on the surface. With the
direct spectroscopic evidence of residual citrates, the typical assumption of spontaneous
citrate desorption in ligand exchange reactions with thiols has been challenged. Evidence
indicates that surface chloride ions are actually displaced leading to a decrease in
negatively-charged surface potential of citrate-AuNPs. The coverage ratio between citrate
and alkanethiolate adsorbed on the surface of AuNPs is 1:1.7, which was determined by
the XPS analysis. This surface coverage is in good agreement with the coadsorption
configuration based on the model of the self-assembled layer of citrate molecules (1:1.5 -
2.0). The thermodynamic factor of the bond strength does not play a critical role in the
ligand exchange reaction on AuNP surfaces. Steric and chelating effects of adsorbed
citrates combined with strong intermolecular hydrogen bonds result in the strong
resistance of citrate desorption and replacement by thiols. A less influential physisorption
state of thiols also contributes to the incomplete citrate desorption. The residual citrate
can have significant effects on studies and applications using citrate-AuNP, including
surface charge, NP assembly, coupling reactions on an organic layer, and NP cellular
activity. This study may facilitate investigations of carboxylate-based SAMs as an

alternative for surface functionalization of metal NPs.
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3.5 Appendix: Strong resistance of coordinated carboxylate to desorption
on metal nanoparticles under thiol treatment
due to intermolecular interactions

3.5.1 Calculations for amounts of thiols to be quantitatively
added to AuNP solution

For the partial functionalization of AuNPs by thiols, the stoichiometric amounts of
thiols were calculated based on surface area of a 35-nm AuNP (3.85 X 10 A cm2), surface
coverage of alkanethiolates (4.8 X 1014 molecules/cmz) ss measured absorbance (A =
1.33), and extinction coefficient for 34.5-nm citrate-AuNPs (s = 6.1 X 109 M-icm-1).ai For
example, 50 "L of 0.38 mM 1-dodecanethiol solution in ethanol was added to 10 mL of
redispersed citrate-AuNPs in ethanol, obtained from being centrifuged once with 10 mL
of as-prepared citrate-AuNP solution.
To figure out the number of AuNPs in a solution of 10-mL citrate-stabilized AuNPs:

A =scl
133 = (6.1 X 109 M-icm-1)-c-(1 cm)
where s=6.1 X 109 M-1.cm.1 and A = 1.33, and thus
=21 X10-10 M

For a 10-mL AuNP solution,
The number of NPs in moles
=MV
= (2.1 x 10.10 M)-(0.01 L)
=21 X 10-12 moles ™ 1.3 x 1012 NPs
Surface area of a 35-nm ideal spherical NP,

xlLiu, X.; Atwater, M.; Wang, J.; Huo, Q. Colloids Surf., B 2007, 58, 3-7.
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anr

= 4n(35/2 x 10.7 cmy:

= 3.8 X 1012 cme

Total surface areas of 1.3 X 1012 NPs in the 10-mL AuNP solution,

(1.3 X 1012 NPs)-(3.8 X 10-11 cm2/NP) = 4.9 cm:

Alkanethiolate surface density on Au(111) surface, 4.5 x 10.2molecuels/cm2xii

The total number of thiols needed to fully functionalize the entire AUNP surfaces,

(4.9 cm2)-(4.5 x 10:2molecuels/cm?) = 2.2 x 10:6 thiols A 3.7 x 10-s moles

Therefore, a 10 mL of 3.7 x 10. M thiol solution is needed to functionalize a 10-mL
AUNP solution for a monolayer coverage.

Since the typical concentration of thiol solutions is 1.0 mM, (1.0 X 10-s M)/(3.7 X 10-s M)

= 270, so 270-ML of thiols are added.

xiiLove, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo, R. G.; Whitesides, G. M. Chem. Rev. 2005, 105,
1103-1169.
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Figure 3.14. ATR-IR spectra of 1-hexanethiolate and 1-hexadecanethiolate functionalized
citrate-AuNPs. The strong hydrogen bond peak of citrate carboxylic groups appears at
1704 cm. (dotted line). The peak at ~1611 and ~1540 cm.: is the asymmetric COO
stretching vibration of n'-COO-Au and n’-COO-Au, respectively. This verifies the
presence of surface coordinated citrate.
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Figure 3.15. ATR-IR spectra of 4-mercapto-1-butanol, 6-mercapto-1-hexanol, 11-
mercapto-1-undecanol, and 16-mercapto-1-hexadecanol functionalized citrate-AuNPs.
The strong hydrogen bond peak of citrate carboxylic groups appears at 1704 cm.. (dotted
line). The peak at ~1611 and ~1540 cm.- is the asymmetric COO stretching vibration of
n*-COO-Au and n’-COO-A, respectively. This verifies the presence of surface
coordinated citrate. (Pure OH-terminated alkanethiols for n = s and 4 show a small peak
at 1700 cm-1, but this is an impurity. Spectra are not shown.)
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Figure 3.16. ATR-IR spectrum of 2-aminoethanethiolate functionalized citrate-AuNPs.
The strong hydrogen bond peak of citrate carboxylic groups appears at 1704 cm-1 (dotted
line).

Figure 3.17. ATR-IR spectrum of 11-amino-1-undecanethiolate functionalized citrate-
AuNPs. The strong hydrogen bond peak of citrate carboxylic groups appears at 1734 cm-1
(dotted line).
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Figure 3.18. ATR-IR spectrum of 11-mercaptoundecanamide functionalized citrate-
AuNPs. The strong hydrogen bond peak of citrate carboxylic groups appears at ~1700
cm-1, which is overlapped with v(C=0) vibration of the thiolate amide group, but the
other hydrogen bonded COOH peak of surface citrate displays at 1734 cm-1 (dotted line).

Figure 3.19. ATR-IR spectrum of (11-mercaptoundecyl)tetra(ethylene glycol)
functionalized citrate-AuNPs. The hydrogen bond peak of citrate carboxylic groups
appears at 1734 cm-1 (dotted line).
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Figure 3.20. ATR-IR spectrum of ethyl 2-mercaptoacetate functionalized citrate-AuNPs.
The strong hydrogen bond peak of citrate carboxylic groups appears at ~1734 cm-],
which is overlapped with v(C=0) vibration of the thiolate carbonyl group, but the
asymmetric COO stretching vibration of bidentate COO-Au displays at ~1550 cm-1
(dotted line).

Figure 3.21. ATR-IR spectrum of benzyl mercaptan functionalized citrate-AuNPs. The
hydrogen bond peak of citrate carboxylic groups at 1704 cm-1 is weak, but the other
hydrogen bonded COOH peak of surface citrate displays at 1734 cm-1 (dotted line).
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Figure 3.22. ATR-IR spectrum of 4-aminothiophenol functionalized citrate-AuNPs. The
hydrogen bond peak of citrate carboxylic groups appears at 1701 cm-1 (dotted line).

Figure 3.23. ATR-IR spectrum of 4-mercaptopyridine functionalized citrate-AuNPs. The
hydrogen bond peak of citrate carboxylic groups appears at 1701 cm-1 (dotted line).
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Figure 3.24. XPS C 1s spectrum of citrate-AuNPs as prepared. From the previous studies,
COO-Au is located at 287.6 eV whereas the COO-Na+ of pure sodium citrate at 288.2 eV.
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Figure 3.25. UV-Vis absorbance of 4-nitrobenzenethiolate functionalized citrate-AuNPs.
This shows little aggregation of NPs. Xax= 532 nm for citrate-AuNPs.



170

Figure 3.26. UV-Vis absorbance of methoxy-capped tetra(ethylene glycol)
undecanethiolate functionalized citrate-AuNPs. This shows little aggregation of NPs. Vax
= 532 nm for citrate-AuNPs.

Figure 3.27. UV-Vis spectra of ethyl 2-mercaptoacetate functionalized citrate-AuNPs in
water and ethanol. These show a solvent-dependent aggregation of NPs. V ax= 532 nm
for citrate-AuNPs.
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Figure 3.28. UV-Vis spectra of 3-mercaptopropionic acid functionalized citrate-AuNPs in
water and ethanol. These show a solvent-dependent aggregation of NPs. V ax= 532 nm
for citrate-AuNPs.

Wavenumber (cm 1)

Figure 3.29. ATR-IR spectrum of 11-mercanptoundecyl trifluoromethylacetate
functionalized citrate-AuNPs. Distinct features of surface citrate are overlapped with the
pure thiol (v(C=0) at ~1730 cm-1, dotted line), which cannot be used to determine the
remaining surface citrate.
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Figure 3.30. ATR-IR spectrum of 4-nitrobenzenthiolate functionalized citrate-AuNPs.
The peak at ~1660 cm- is assigned to physisorbed carboxylic groups of surface citrate
(dotted line).
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Figure 3.31. XPS C1s spectrum of 4-nitrobenzenthiolate functionalized citrate-AuNPs.
The peak at ~ 287.5 eV results from the COO-Au species.
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Figure 3.32. Transmission IR spectrum of 4-nitrobenzenthiolate functionalized citrate-
AuUNPs when pH ~11. The peaks (dotted lines) are generated when the terminal free
carboxylate group binds to the AuNP surface, which verifies the presence of surface
citrate.

Figure 3.33. ATR-IR spectrum of methoxy-capped tetra(ethylene glycol)
undecanethiolate functionalized citrate-AuNPs. The hydrogen bond peak of citrate
carboxylic groups appears at 1734 cm-1 (dotted line).
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Figure 3.34. XPS Cl1s spectrum of methoxy-capped tetra(ethylene glycol)
undecanethiolate functionalized citrate-AuNPs. The peak at ~287.5 eV results from the

COO-Au species.
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Figure 3.35. Transmission IR spectrum of methoxy-capped tetra(ethylene glycol)
undecanethiolate functionalized citrate-AuNPs when pH ~11. The peaks (dotted lines)
are generated when the terminal free carboxylate group binds to the AuNP surface, which

verifies the presence of surface citrate.
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Figure 3.36. ATR-IR spectra of 3-mercaptopropionic acid functionalized citrate-AuNPs
in ethanol and water. The hydrogen bond peak of citrate carboxylic groups is overlapped
with that from thiolate carboxylic acid, but the asymmetric stretching vibration of COO-
Au of surface citrate appears at 1580 cm-1 (dotted line). Most of free carboxylic groups

are protonated.
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Figure 3.37. XPS C1s spectrum of 3-mercaptopropionic acid functionalized citrate-
AuNPs. The peak at ~287.5 eV results from the COO-Au species. For 11-
mercaptoundecanoic acid, the carbonyl carbon: 289.2 eV, a-carbon: 286.2 eV .88 156
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Figure 3.38. Transmission IR spectrum of 3-mercaptopropionic acid functionalized
citrate-AuNPs when pH ~11. The peaks (dotted lines) are generated when the terminal
free carboxylate group binds to the AuNP surface, which verifies the presence of surface
citrate.

Figure 3.39. ATR-IR spectra of ethyl 2-mercaptoacetate functionalized citrate-AuNPs in
ethanol and water. The hydrogen bond peak of citrate carboxylic groups is overlapped
with that from thiolate carbonyl group, but the asymmetric stretching vibration of COO-
Au of surface citrate appears at ~1600 cm-1 (dotted line).
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Figure 3.40. XPS C1s spectrum of ethyl 2-mercaptoacetate functionalized citrate-AuNPs.
The peaks at ~287.5 and ~288.5 eV can be assigned to the COO-Au species and free
carboxylic acid groups of citrate, respectively. Those peaks are overlapped with those of
the a-carbon and carbonyl carbons of the thiolate. *®

Figure 3.41. Transmission IR spectrum of ethyl 2-mercaptoacetate functionalized citrate-
AuNPs when pH ~11. The peaks (dotted lines) are generated when the terminal free
carboxylate group binds to the AuNP surface, which verifies the presence of surface

citrate.
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Figure 3.42. ATR-IR spectra of 4-nitobenzenthiolate functionalized citrate-AuNPs in
different conditions. Thiol concentration, temperature, and incubation time for the
functionalization are shown. The COOH peak is present (dotted line) after
functionalization. This verifies the presence of remaining surface citrate.

Figure 3.43. ATR-IR spectra of Py-SH functionalized citrate-AuNPs with varied thiol
amounts. The thiol amounts added to AuNP solutions are 0.65, 0.54, 0.43, and 0.33 ML,

respectively.
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Figure 3.44. ATR-IR spectra of NO2-Ph-SH functionalized citrate-AuNPs with varied
thiol amounts. There is saturation of the peak intensities of vn(NO2) at 1336 cm-1 The
thiol amounts added to AuNP solutions are 2, 3/2, 1, 3/4, 1/2, 5/12, 1/3, and 1/4 ML to

cover the factional surface area on AuNPs.

Figure 3.45. Transmission IR spectra of 11-mercapto-1-undecanol functionalized citrate-
AUNPs with varied thiol amounts. These show saturation of the peak intensities. The thiol
amounts added to AuNP solutions are 5.2, 2.6, 1.3, 0.65, and 0.33 ML to cover the

factional surface area on AuNPs.
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Figure 3.46. Transmission IR spectra of 1-dodecanethiolate functionalized citrate-AuNPs
with varied thiol amounts. (A) Spectra show saturation of the peak intensities prior to
~0.65 ML. The thiol amounts added to AuNP solutions are 0.65, 0.54, 0.43, and 0.33 ML
to cover the factional surface area on AuNPs. (B) The similar positions of v(C-H)cH2
vibrations appear at 2917/2848 cm-1 regardless of surface coverage.
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Figure 3.47. Transmission IR spectra of NO2-Ph-SH functionalized citrate-AuNPs with
varied thiol amounts. Spectra show saturation of the peak intensities of vsym(NO?2) at 1336
cm-1
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Figure 3.48. Transmission IR spectra of 4-mercaptopyridine functionalized citrate-
AuNPs with varied thiol amounts. (A) The thiol amounts added to AuNP solutions are
0.65, 0.54, 0.43, and 0.33 ML to cover the factional surface area on AuNPs. (B) Spectra
show saturation of the peak intensities of Py-SH prior to ~0.65 ML.
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Figure 3.49. Comparison of possible configurations of adsorbed alkanethiolates (CH3-C9-
S-) on a (111) surface of citrate-AuNPs (A and B) with the ideal monolayer on a bare
(111) surface (C). Each parallelogram represents a unit cell (area: 179 A2), and in (C) it
was rotated to the direction of the alkanethiolate organization. The numbers of
alkanethiolates in unit cells are 6 thiolates/(2 x 179 A2) for (A), 8 thiolates/(2 x 179 A2
for (B), and 36 thiolates/(4 x 179 A2) for (C), which result in 33.3%, 44.4%, and 100%
coverage by alkanethiolates, respectively.
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CHAPTER 4

DIRECTING RAMAN PROBE MOLECULES INTO JUNCTIONS OF GOLD

NANOPARTICLE DIMERS BY ASYMMETRIC FUNCTIONALIZATION

4.1 Introduction

Assemblies of noble metal nanoparticles (NPs) give rise to localized electromagnetic
(EM) field enhancements in NP junctions by coupling of localized surface plasmons
(LSPs). This EM field enhanced region is often called a hot spot. 1,2While the types,
shapes, and sizes of metal NPs mainly govern the optical properties of NP assemblies,
the local optical behavior can be tuned by controlling interparticle spacing at a molecular
level (< 2 nm) with use of the ligands.45 This is an advantage over control of spacing in
NP arrays or pairs fabricated by lithographic techniques including nanosphere and
electron-beam lithographies, for which routine production of a sub-10-nm gap is
challenging.6In general, there are two ways to produce NP assemblies, through either
electrostatic- or molecular linker-based approaches.nThe former relies on controlling the
kinetics of NP aggregation whereas the latter utilizes linker molecules such as DNA and
organic molecules.

Due to the strong electric field enhancement at hot spots, NP assemblies including
dimers, trimers, and 1-D chains have been utilized as plasmonic nanomaterials 8,9
especially for surface-enhanced Raman scattering (SERS) applications.10 Many SERS

studies have been based on random NP aggregates which often result in irreproducible
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SERS responses from the uncontrollable distribution™ and/or the minute population of
hot spots, which hamper systematic studies. In this regard, gold and silver NP dimers
have been investigated as SERS platforms, due to the generation of enhanced SERS

signals from molecules located in the junction hot spot.'*-*

A challenge of using NP
assemblies in SERS studies is the rational attachment of Raman probe molecules at hot
spot interfaces which are well-defined in terms of the location and surface coverage of
Raman probes as well as the gap spacing. Probe placement is especially important
because of the strong influence of the local fields on SERS enhancements. Since there is
a large field gradient around a hot spot, the magnitude of the EM fields change from the
edges to the center positions within the NP junctions.19As a result, Raman molecules
may not be enhanced equally around the NP surface,15 and the distribution of the EM
fields must be correlated with the location of Raman probes. Therefore, it is important to
place Raman probes precisely in a well-defined position even in a single assembly1l for
fundamental aspects and quantitative analyses in SERS studies including single molecule
SERS (SM-SERS).2D

In addition to controlling the location of Raman probes in NP assemblies, the surface
coverage of the probes also should be considered carefully. For most of the NP assembly-
based SERS studies, Raman probe molecules are assumed to form a monolayer on
individual NP surfaces,15 and then the NPs are assembled through kinetically controlled
aggregation. However, the uniform monolayer coverage for each nanoparticle is an
assumption, and this is prone to errors in determining SERS enhancements. Moreover,
the composition of the surface organic layer (single layer, multilayer, low surface

coverage, etc.) is directly related to the estimate of interparticle spacing that is a very

sensitive factor in the EM field enhancement. Recently, a centrifugation method was used
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to prepare dimers and other assemblies, and then the NP assemblies were encapsulated
with dielectric materials including silica®®',*,?? or polymers™ in order to stabilize
assembly morphologies. In this method, however, the interparticle spacing was
determined based on the assumption of the monolayer coverage of Raman probes on NP
surfaces,15 but high resolution transmission electron microscope (TEM) measurements
indicated nonuniform interparticle spacing with variations up to ~L nm.*® This may
suggest the multilayer formation of Raman probes. Xia and coworkers have obtained
SERS exclusively from hot spots of silver nanocube dimers,11 but the correlation between
the SERS from the hot spots and the interfacial structure with well-defined gap spacing
and estimated number of the Raman probe molecules has not been investigated. Without
detailed characterization of the organic layers present on the NP assemblies, quantitative
determination of SERS signal enhancements is challenging.

In order to control experiments for the SERS enhancement at the NP hot spot it is
desirable to utilize asymmetrically functionalized metal NPs providing formation of well-
defined assembly junctions. Previously, it was demonstrated that the asymmetric AuNPs
acted as building blocks for NP assemblies including dimers®® and 1-D chains.?* This
approach allows for controlled functionalization in a spatially-localized region of
individual NPs. The asymmetrically-functionalized NPs are assembled in solution
through covalent bond formation® or attractive interactions between spatially localized
ligands present on different particles. During the NP assembly process, target molecules
are exclusively adsorbed in this NP region where field enhancements are expected
leading to SERS from hot spots generated by the junction formation. Direct correlation

between single particle morphologies and SERS responses has been made primarily using

single particle measurements,11-141718 B but ensemble measurement approaches can also
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be used to investigate the assembly-SERS relationship,151627when a controlled assembly
process is used. This asymmetric functionalization approach offers structural
reproducibility of NP dimers producing well-defined and controlled hot-spot junctions,
which can be used as a robust SERS-active nanostructure for SERS studies.*®

Herein, a SERS study of AuNP dimers with Raman probes precisely placed in the hot
spots using the asymmetric functionalization approach is presented. A linear relationship
between SERS intensities and dimer formation vyields was observed, which
experimentally demonstrate the role of hot spots in generating SERS. In this study,
scanning electron microscope (SEM) analysis indicates the formations of AuNP dimers
are more than about 70% among NP assemblies on glass substrates where the SERS
responses are measured at the same substrates. While the averages of dimer formations
and SERS intensities follow a linear relationship, the extent of the standard deviation of
the dimer yield and SERS intensities also exhibit a dependency of the dimer population at
the given analytical areas for SEM and SERS measurements. It is demonstrated the

ensemble Raman measurements reflect the hot-spot-generating SERS from AuNP dimers.

4.2 Experiments
4.2.1 Materials
All chemicals were used without further purification. Gold chloride trihydrate
(HAuCI4-3H20, ACS grade), sodium citrate tribasic dihydrate (Na3C6H507-2H20, 99%),
11-mercapto-1-undecanol (HSCH2(CH29CH20H, C1IOH, 97%), 6-mercapto-1-hexanol
(HSCH2(CH24CH20H, 97%), and 3-aminopropyltriethoxysilane (99%) were purchased
from Sigma Aldrich. 4-nitrobenzenethiol (SH-Ph-NO2 NBT, 99%), 11-amino-1-

undecanethiol hydrochloride (HSCH2(CH2CHNH2-HCI, 99%), 16-hydroxy-1-
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hexadecanethiol (HSCH2(CH2MCH2H, 99%) were purchased from Asemblon
(Redmond, WA). Ethanol (200 Proof) was obtained from Decon Labs (King of Prussia,
PA). Microscope cover glass (22 mm x 22 mm, 1.5 mm thick) was obtained from Fisher
or VWR. Water was used after purification (Barnstead Nanopure Diamond UV-UF, 17.8
MQ/cm). All glassware was cleaned using aqua-regia (3:1, HQ/HNO3), rinsed
thoroughly with nanopure water, and then dried at 120 °C in an oven for at least 2 h.
Caution! The aqua-regia solution is highly corrosive and mixing the solution is very

exothermic. It should be handledwith extreme care and appropriate safety precautions.

4.2.2 Synthesis of asymmetrically functionalized gold nanoparticles

Citrate-stabilized gold nanoparticles were synthesized using Frens’ method *° by
combining gold chloride trihydrate (0.02282g), sodium citrate tribasic dihydrate
(0.02235g), and 200 mL of nanopure water. The size of AuNPs is 39 nm (x 25%) in
diameter, and the typical absorbance is 1.33 at Vax = 534 nm. The solution of the
resulting 39-nm AuNPs was added to a jar containing an aminosilane-functionalized
cover glass that was prepared using published methods, 3% and then the jar was kept at
room temperature for 1 d. The AuNPs were coated on both sides of the cover glass. The
cover glass with immobilized AuNPs was rinsed by pouring copious amount of nanopure
water directly into the glass. Once the excess AuNPs were removed, ethanol was
gradually added to the water-containing jar to minimize the effect of heat on the
immobilized AuNPs during solvent mixing. The resultant cover glass with the
immobilized citrate-stabilized AuNPs is stable in ethanol without NP aggregation or
detachment. For typical asymmetric functionalization, one cover glass was immersed and

kept in 1 mM ethanolic solution of 11-amino-1-undecanethiol for 2 h. The partially
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functionalized AuNPs were released from the cover glass by sonication in 5 mL ethanol
and the region of the surface previously in contact with the substrate was functionalized
by immersion in 50 pL of 2 mM 11-mercapto-1-undecanol solution (equivalent to
maximum 30 ML (monolayer) coverage on the spatially localized surface area) and
various amounts (50 pL, 100 pL, 200 pL, 400 pL) of 1 mM 4-nitrobenzenethiol (NBT)
solution (15 to 120 ML coverage on the spatially localized surface area, respectively).
One ML coverage is defined as the surface coverage of molecules adsorbed on a gold
surface (see ref. 50). Five mL of 1 mM NBT solution were used to prepare aggregated

NPs. The resultant AUNP solution was left at room temperature for 2 h.

4.2.3 Determination of the AuNP surface area and the number of AuUNPs
immobilized on the cover glass

An average surface area of 4800 nm for the AuNPs was estimated based on a sphere
with diameter of 39 nm. It is assumed that 10% of the total surface was in contact with
the silane layer (the spatially localized surface area, 480 nm ), which was used to
estimate area of coverage of the secondary thiols used to functionalize this region. The
number of AuNPs released from both sides of one cover glass (22 mm x 22 mm) was
determined by measuring the AuNP absorbance using UV-Visible spectroscopy and

using the published extinction value for 31-nm AuNPs.*'*

The typical absorbance was
0.2 for 5 mL of the AuNP solution. Using the extinction coefficient of 31-nm AuNPs (s
= 4.7 x 10° M"'crh- at 524 nm)** and Beer’s law, the number of AuNPs per cover glass
was estimated as 1.2 x 10%. As additional check on this approximation, the number

density of AuNPs on the cover glass surface was estimated by counting the immobilized

AuNPs from SEM images. The surface density of 31-nm AuNPs on the silanized cover
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glass was 9 NPs/(100 nm x 100 nm). Using this density, the number of particles expected
to be in solution after being released from the cover glass was 8.7 x 1011 The number of
AuNPs obtained by UV-visible measurement and SEM image analysis are in good
agreement (~1 x 10 AuNPs). Similarly, the number of 39-nm AuNPs per cover glass is
expected to be ~1 x 10, which was used in determining the amounts of secondary thiols

for the asymmetric functionalization process.

4.2.4 UV-Vis absorption spectroscopy
Absorbance spectra of AuNP solutions were collected at 400 - 800 nm using a

PerkinElmer Lambda 19 UV/vis/NIR spectrophotometer.

4.2.5 Attenuated total internal reflectance (ATR) FTIR spectroscopy

A PerkinElmer Spectrum 100 FT-IR spectrometer equipped with a MIRacle ATR
(ZnSe crystal, PIKE Technologies) accessory was used. A concentrated AuNP solution
prepared by centrifugation was drop cast on the crystal and dried with nitrogen gas.
Spectra were collected at 4000 - 550 cm-1with a resolution of 4 cm-1 The spectra were
background-corrected, and then normalized based on the peak at 2917 cm-L Peak
deconvolution of symmetric NO2 stretching vibrations of NBT was performed with a

Gaussian function using OriginPro 8 (OriginLab Corp).

4.2.6 Sample preparation for SEM and SERS studies
Spin coating was used to obtain a homogenous distribution of AuUNPs over the surface
of the cover glass substrates. In this process, 1 mL of the AuNP solution was drop cast on

the cover glass and rotated at 3000 rpm. For each AuNP-coated cover glass sample,
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SERS measurements were made and the particles were analyzed using SEM. For normal
Raman measurements of NBT without AuNPs, aqueous NBT solution was placed on a
glass cover slip and was allowed to dry. The actual weight of NBT on the substrate was
obtained by subtracting the weight of the cover glass itself from that of the glass substrate
with NBT. A spot of dried NBT was 7.5 mm in diameter and the actual weight of the

dried NBT was 0.04 (+ 50%) mg.

4.2.7 Scanning electron microscopy (SEM)

A field emission scanning electron microscope (NanoNova 630, FEI) was used to
analyze and count the number of AUNP assemblies. Ten SEM images of areas of 3.75 pm
x 3.75 *m were obtained from each substrate. The numbers of total individual AuNPs in
the determination of dimer formation yields are 437, 587, 618, and 950 for the substrates
of 15, 30, 60, and 120 ML NBT coverage, respectively, and the standard deviations from

the samples were normalized based on 600 NPs. *

4.2.8 Raman scattering spectroscopy

For collecting Raman scattering spectra, a DXR Raman microscope (ThermoFisher
Scientific, Madison, WI) equipped with a 633-nm laser and a 10* objective (NA 0.25)
was used. The laser power was 5 mW. Spectra were collected at 3200 - 100 cm-1 with a
resolution of 53 - 88 cm-L A broad peak over 3000 cm-1 originates from substrate
fluorescence with inconsistent intensity. Each spectrum was obtained by 5 scans with a 2-
s exposure per scan. The estimated lateral beam size is ~6 pm in diameter which is close

to the expected value based on company reported specifications (7 p,m) with the given



201

laser wavelength and the numerical aperture of the objective/ For SERS measurements, a
map with an area of 2000 pm x 2000 p,m consists of 16 spectra, obtained periodically
with a regular interval. The numbers of maps are 3 for 15 ML, 7 for 30 ML, 5 for 60 ML,
and 4 for 120 ML samples. SERS intensities are determined for the symmetric stretching
of the nitro group (voynNO2) at 1336 cm-1. Spectra without the NO2 stretching intensity
were not included in SERS analysis. For normal Raman measurements of dried NBT on

glass substrate, 10 maps with 16 spectra were obtained.

4.2.9 Transmission electron microscopy (TEM)

Interparticle spacing of AuNP dimers was determined from images generated by
TEM (Tecnai T-12, FEI) at 120 KV accelerating voltage. One drop of AuNP solution was
placed on a 150-mesh Formvar-coated copper grid (Ted Pella, Inc) and left to dry. The
gap distance was analyzed by measuring interparticle distances at the minimum point of

separation for 79 AuNP dimers in the TEM images using Scion Image Beta 4.02 software.

4.3 Results and discussion
4.3.1 Formation of AUNP dimers by asymmetric functionalization
AUNPs (~40 nm in diameter) were prepared, and 4-nitrobenzenethiol (NBT) along
with HS-C11-OH were incorporated in a spatially localized patch on the surface of the

particles using the asymmetric functionalization process developed by Shumaker-Parry

iThe measured 532-nm laser spot size was compared with a 50* objective (NA 0.75) to the theoretical
value in order to find a conversion factor for the DXR Raman microscope (Zhu, L.; Cai, T.; Huang, J;
Stringfellow, T. C.; Wall, M.; Yu, L. J. Phys. Chem. B 2011, 115, 5849-5855).
The measured lateral resolution: 0.84 “m.
Theoretical spatial resolution (Rayleigh formula): 0.61X/NA = (0.61 x 532 nm)/0.75 = 0.43 "m.
Laser spot diameter: 2 * (Spatial resolution)
The estimated resolution of the 633-nm laser spot size with a 10* objective (NA 0.25) = (0.61 * 633
nm)/0.25 = 1.54 "m, so the estimated spot size is 2 x 1.54 *m x 0.84"m/0.43"m = 6.0 ~m.
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and co-workers (Figure 4.1; see also Figure 1.4 in Chapter 1).23 The NBT serves as a
Raman probe and the HS-C11-OH induces dimer formation between AuNPs through
hydrogen bonding between HS-C11-OH molecules spatially localized on two different
particles. Thus, the NBT, also present in the spatially localized patch, then becomes
directed to the AuNP gap upon dimer formation. A surface templating process is used to
achieve the spatial localization of the ligands on the asymmetrically functionalized
AuUNPs. Briefly, a silane-functionalized glass substrate masks the surface of immobilized
citrate-stabilized AuNPs, making contact with the silane layer by electrostatic
interactions. During initial thiol treatment, the ligands adsorb on the nanoparticle, except
on the region of the nanoparticle in contact with the substrate. This relatively small
surface region of the AuNP, which the small surface regions are called reactive surfaces,
becomes a reactive site for AUNP dimer formation after the second thiol functionalization,
and the functional groups of the second thiols are responsible for assembling the

23 25

asymmetric NPs through covalent bond formation or noncovalent interactions.

asymmetically-

citrate-stablized funotionalized AuNPs
AuNPs AUNP dimers single AuNPs
ns.cirnngt (A (B) (©)
=HS-Cir NH3 hydrogen electrostatic
bonding repulsion

Figure 4.1. Steps to form AuNP dimers with Raman probe molecules directed to the
AUNP assembly gap or hot spots. The process is based on producing asymmetrically
functionalized AuNPs prepared using a silanized glass substrate to mask a region of the
AuUNP surface (Step A). Raman probes (HS-Ph-NO2) are incorporated in that masked
region along with dimer-inducing molecules (Step B). For this study, the asymmetrically
functionalized AuNPs are induced to form AuNP dimers by hydrogen bond formation
between hydroxyl-terminated linkers (Step C). Positively-charged surface layers (pink
ligands) prevent randomly oriented dimer formation.
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Sonication of the glass substrate covered with the adsorbed NPs releases the particles into
solution so that the reactive surface can be functionalized further with various types of
thiol molecules. In the modified method in this study, positively-charged HS-C11-NHz3+
was used to functionalize the bulk of the AuNP surface area (i.e., first functionalization)
because it was observed to promote AuNP stability in ethanol solution prior to the second
functionalization stabilizing the particles against random aggregation, probably due to
electrostatic repulsion of the positively-charged organic layer. The large surface portions
are called stabilizing surfaces.

In the second functionalization, NBT was added as a Raman probe molecule
combined with the molecular linker HS-C11-OH that is known to induce AuNP assembly.
The hydroxyl group interaction occurs during the drying process, 3 because the
interaction between hydroxyl-terminated layers in ethanol solution is very weak.® In this
case, however, some dimers were formed in solution, evidenced by the broader peak
feature of UV-visble absorption spectra in solution (see the Appendix). A detailed
investigation of the specific steps of dimer formation is outside the scope of this study,
but the role of the linker in dimer formation is shown through experimental evidence.
Using the asymmetrically-functionalized AuNPs, the positively-charged stabilizing
surfaces likely prohibit the formation of randomly oriented dimer with stabilizing
surfaces meeting to form a gap due to electrostatic repulsion. Instead, the dimer
formation is directed by the presence of the patches where two particles can approach
more easily through hydrogen bonds of the linkers. Gold particle assemblies through
hydrogen bonds of the hydroxyl-terminated alkanethiols have been demonstrated

experimentally. 3
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4.3.2 Correlation between AuNP dimers and SERS intensities

Incorporation of Raman probes in the junctions of the AuNP dimers was investigated
by SERS. When Raman probes are placed in the junctions of the AuNP assemblies, a
correlation between the morphology of NP assemblies and the intensity of Raman
scattering is expected due to uneven local fields on surfaces of NP assemblies, i.e., hot
spots in the NP junctions. When adsorption of Raman probes on AuNPs is not related to a
specific location and morphology of NP assemblies, however, the Raman scattering is
expected to be dependent on the amount of Raman probe. Figure 4.2A presents a
summary of the SERS responses from the AuNP assemblies related to the amount of
Raman probe NBT used during the asymmetric functionalization process. The NBT
amount is presented as monolayer (ML) and refers to the number of NBT molecules in
solution with respect to the number of NBT molecules adsorbed in a close-packed
monolayer in the template region of the AuNP (approximate 10% of the surface). The
intensity of the symmetric NO2 stretching3 at 1336 cm-1 was used (see the Raman
scattering spectrum of AuNP dimers prepared without the second functionalization in the
Appendix for verification of the peak assignment), and the intensities are averaged values
from multiple measurements on each substrate. Figure 4.2B shows representative SERS
spectra. Figure 4.2C and 4.2D present representative SEM images for the substrates of
the AuNP dimers and random aggregates, respectively. First of all, the intensity of
Raman scattering is not dependent on the amount of Raman probe used. For example,
adding more NBT beyond the 30-ML coverage for the reactive surface did not produce
higher SERS intensities. As the concentration of NBT increased from 2 x 10- mM (30-
ML coverage) to 8 x 10- mM (120-ML coverage), the intensity of SERS decreased.

Moreover, the substrate (31% AuNP dimers) prepared with 30-ML coverage amounts of
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Figure 4.2. Raman spectra and SEM images of AuNPs incorporated with Raman probes.
(A) SERS intensities with respect to concentrations of NBT molecules added in solution,
converted to the coverage of a close-packed monolayer (ML) on the reactive surface of
the AuNP. Dimer yields are presented. (B) Representative SERS spectra for different
dimer yields. The symmetric NO2 stretching region (1336 cm-1) used for SERS intensities
is highlighted. Representative SEM images for (C) AuNP dimers and (D) aggregates,
respectively. The assemblies in the larger circle on (C) are counted as two dimers.

the Raman probes (2 x 10" mM) exhibits a slightly larger SERS signal than the substrate
(AuNP aggregates) prepared with excess amounts (1 mM, ~1500-ML coverage) of the
Raman probes. Additionally, the independence of NBT concentrations indicates a
possible contribution from excess NBT is negligible on the intensity of Raman scattering
signal. Note that the AuNP samples were prepared on glass substrates by spin-coating,

and thus the amount of the excess NBT remained on NP surfaces is very minute.
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Consequently, there is no positive correlation between the amount of Raman probe and
the intensity of SERS.

Instead, AuNP dimer yields turned out to be correlated with the SERS intensities. As
the AuNP dimer yields increased, the SERS intensities also increased (Figure 4.2A). The
yield of AuNP dimers directly reflects the population of the hot spots of the AuNP dimers.
This morphology-dependent SERS demonstrates that a high SERS enhancement is
achieved when Raman probes are placed in the hot spot regions of the AuNP dimers.
With using the limited amount of Raman probe (30-ML coverage) the asymmetric
functionalization approach led to a specific placement of the Raman probes in the
junction of the AuNP dimers. Under similar numbers of AuNPs involved in the SERS
measurement, the AuNP dimers provide for the hot spot regions efficiently compared to
the NP aggregates possessing randomly-distributed hot spots (see a representative SERS
spectrum of NP aggregates in the Appendix). For the substrates prepared using the
limited amounts of NBT (15 - 120 ML coverage), the dimer is the most populated among
assemblies (see the distribution of dominant type of AuNP assemblies for each substrate
in the Appendix) while the population of single NPs is still dominant (Figure 4.2C).
Single and assembled NPs are very minor members of the particle population for the
randomly aggregated NP sample (Figure 4.2D). When the dimer yields were obtained,
AUNP trimers were considered as one monomer and one dimer and AuNP tetramers were
counted as two dimers. High-order assemblies beyond tetramers were scarcely observed
(the number of population is less than 8% among assembled NPs), and thus not included
in determination of the dimer yield. It is well-known that SERS from the hot spots of NP
assemblies is enhanced by a factor of up to ~10°, compared to the normal Raman

scattering without metal nanostructures. Thus, it is reasonable not to observe SERS on
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single AuNPs under common experimental conditions due to the intrinsically little
amount of Raman probe molecules on NP surfaces and the lack of enhanced electric
field. *,"” The AuNP dimers provide for the hot spot regions for SERS whereas single
AuUNPs do not exhibit enhanced electric field resulting in no detectable Raman response.
Detection of Raman signals from AuNP dimers is evidence of placement of Raman
probes in the junctions. Overall, it was demonstrated that the high SERS enhancements
were achieved by the efficient placement of the Raman probes at the junctions of AUNP

dimers.

4.3.3 Linear relationship between AuNP formation and SERS enhancement
Interestingly, a linear relationship between the SERS intensities and the dimer yields
was observed within a range of 12 - 31 % dimer yield as shown in Figure 4.3A. This

relationship can be explained by the population of AuNP dimers directly correlating with
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Figure 4.3. Relationship of SERS intensities as well as standard deviations of SEM and
Raman scattering measurements with respect to averaged yields of dimer formation. (A)
A linear relationship between averaged dimer formation and SERS intensities. Error bars
represent the standard deviation of the measurements. (B) Correlation in error of SERS
and dimer yield measurements with the dimer formation.
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hot spot population leading to the measured SERS intensities. In addition, this provides
evidence that the signal from NBT comes predominantly from the hot spots due of AUNP
dimers to the strong dependence of the SERS intensity on the hot spot population. The
AuNP dimers provide for the hot spot regions where the Raman signals of the probe
molecules are linearly enhanced depending on the hot spot populations. The
asymmetrically functionalized AuNPs were designed to place the Raman probes only at
the junctions of the dimers, which was also supported by the SERS from the hot spots. In
this study, the SERS intensities were ensemble-averaged from dimers, but the average
SERS intensities given the dimer yields can still represent the optical property of dimers
since the dimer is the dominant species to provide for hot spots. For direct correlation of
the NP morphology and SERS enhancement, single particle SERS measurements can be
made, but an ensemble-averaged SERS approach has been applied for dominantly
populated single assemblies.151627 It was demonstrated AuNP dimers are dominant in
generating SERS in this study. Moreover, the standard deviations of the SERS on each
substrate are highly correlated with those of the dimer yields (Figure 4.3B). The relative
standard deviations (%) are weighted values after correction based on the number of NPs.
Note that the standard deviation of the 12% dimer was omitted due to the unexpectedly
narrow standard deviation (16%) from four SERS spectra. Most SERS intensities from
the low population of dimers were believed to disappear in the baseline with left behind a
certain range of SERS intensity (70 - 100 cts/10s), which resulted in the very narrow
standard deviation. In general, a standard deviation is inversely proportional to the square
root of the target population. As the yield of dimers increases, the standard deviation is
expected to decrease, which is consistent with the result (Figure 4.3B; see the correlation

between standard deviations of SERS intensities and dimer yields as a function of a
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square-root of the number of dimer yields in the Appendix). The distribution of the SERS
responses is directly correlated with that of the absolute number of dimers. Therefore,
this correlation demonstrates that the SERS intensities are exclusively generated from
AuNP dimers.

One observation is that the fitted line in Figure 4.3A does not cross through the origin.
The SERS intensity becomes null when the dimer formation is 5.8%, and the SERS
intensity is minus value at 0% dimer formation (-70 cts/10s). After subtracting 5.8% from
each dimer yield, the standard deviation and the square root of the dimer yield exhibit a
linear relationship as predicted (see the correlation between standard deviations of SERS
intensities and dimer yields after 5.8-% correction in the Appendix). This, the offset of
5.8% was considered as significant, leading to explain possible causes of deviations from
an ideal plot based on the 5.8% error even though it is possible to alternatively fit the
points in Figure 4.3A with including the origin as an expected point. This offset was
accounted for based on three reasons. One is that a possible adsorbate orientation-
dependent SERS response. It is known that the SERS signal is more enhanced when the

%7 3% The possible change of NBT

adsorbed molecule is closer to metal surfaces.
orientation was observed as the change of NBT amounts, probably due to physi- or
chemisorbed states. Raman scattering spectra exhibit change of the peak shape of the
symmetric N 02 stretching (vsynN 02), which may be related to NBT orientation. As the
amount of added NBT increases from 15-ML to 120-ML coverage, the peaks at 1335 cm-
1 are attenuated and the peak at 1328 cm-1 shifts to a higher wavenumber at 1330 cm-L In
addition, IR data also show the similar spectral feature of the veyrN 02 as the amount of

NBT increases (see normalized spectra in the regions of the symmetric -N 02 stretching

vibration at different NBT coverages in the Appendix). The vgnN 02 band shifted from
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1329 to 1340 cm-l as the added amount of NBT increased from 15-ML to 120-ML
coverage. This probably arises from a change in configuration of the NBT from tilting to
perpendicular lying down to a more upright configuration.* The other reason is the error
in counting the number of dimers. Definitely, the SERS enhancements in higher-order
assemblies such as trimers and tetramers are not the sum from single NPs and dimers.15 If
the second reason was dominant, the stronger SERS from dimers than higher-order
assemblies would be suggested,4041 due to negative value of the SERS intensity (-70
cts/10s) at 0% dimer yield. The last reason is the systematic error caused when
determining the signal intensities. The noise level of spectra is similar to the figure (-70

Cts/10s).

4.3.4 Exclusive contribution from hot spots to SERS enhancement

To correlate the SERS with assembly type was attempted by comparing ratios from
two most populated assemblies, i.e., dimer and trimer (see the Appendix) as well as with
amount of NBT (Figure 4.4; see Section 4.5.1 and 4.5.2 in the Appendix for calculation).
In this analysis, the yield of dimer formation was converted to a weighted hot-spot
population, which contributions of the SERS intensity from each hot spot of dimers and
trimers were applied, based on a reported value in literature. Chen and co-workers found
that the SERS intensity of each trimeric hot spot is three times as strong as each dimeric
population and the averaged SERS intensity. Note that the largest population among hot
spot for Au@Ag core-shell NPs,15 and this intensity ratio (/dne/Itrimer = 1/3) was used in
this study. Figure 4.4A presents the plot of a linear trend between this weighted hot-spot
AUNP assemblies is the dimer (> 70% among dimers, trimers and tetramers; see the

Appendix). The estimated NBT ratio on the reactive surface was directly determined
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Figure 4.4. Relationship between populations of dimeric and trimeric hot-spots and SERS
intensities. (A) The plot exhibits linearity before SERS intensities are corrected by

estimated coverages of Raman probe at hot spots. (B) The plot is deviated from linearity
when the surface coverages of Raman probe are corrected.

from the mole ratio of NBT and the linker added in solution, which are 0.33, 0.50, 0.67,
and 0.80 for 15 - 120 ML, respectively (Figure 4.2A). These estimated amounts of
Raman probe were used to correct SERS intensities. Trimers were considered to consist
of three asymmetric NPs, and thus the number of Raman probe at a trimer was assumed
to be 50-% more than that of a dimer consisting of two asymmetric NPs. With correcting
the SERS intensity based on the resultant amount of Raman probe at hot spots, the plot
shows a significant deviation from linearity (Figure 4.4B). The solution concentration of
the Raman probe may not reflect that on NP surfaces. In addition, possible orientational
change of the adsorbed NBT may affect the SERS intensity, and the intensity of the hot
spot might be able to be correlated with a position of the adsorbed molecule inside the hot

spot.
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4.3.5 Analysis of standard deviations between SERS and dimer formation
for origin of SERS enhancement

The discrepancy of the standard deviations between the SERS and the dimer
formation was accounted for with different analytical areas on the SEM image and the
SERS laser spot size. The analytical area for each SEM image is 14.1 pm (= 3.75 pm X
3.75 p,m), which is smaller than that of the focused laser spot (6.0 pmin diameter, area =
28.3 pm) on the substrates. The laser spot size was obtained specifically for the Raman
instrument used in this study,42with the 633-nm laser and the 10x objective (N.A. 0.25)
(see Experiments). The analytical area (A) can be directly proportional to the number (N)
of dimers on the substrates. When the laser spot size was assumed to be 4.24 pm in
diameter, the experimental ratio (0SERSoDne Fondtin = 10) of the standard deviations
between the SERS and the dimer yield, which was obtained after correcting the 5.8%-
error in the dimer formations (Figure 4.5; see discussion in Section 4.3.2 for the 5.8%-
error), is the same as the calculated value (CSERSODiner Fomretion = VNDimer Formetion/\VNSERS =
VADne Fandiac/VAERS = VI4.1 pm2Vrc(4.24/2)2 pm2= 1.0). With the focused laser spot
of 6.0-p.m in diameter, the calculated ratio (CSERS/CODiner Fomation=VNDinmer Formetion/MNSERS =
VADime Fomeio/ VAERS = VI4.1 pm2VvV28.3 "m2 = 0.71) became 0.71, which is deviated
significantly from the experimental ratio (1.0). Since a small area was probed with the
smaller spot size (4.2 p,m) and so likely contained a small population of dimers given the
average surface coverage from SEM analysis, the standard deviation of SERS and the
ratio of 0 SERS'o Oiner Fomation were increased. Even though the estimated size of the focused
laser spot is 6.0 p,m, it can be predicted that the effective size of the laser beam for SERS
excitation is 4.24 pm. As a result, the predicted standard deviation by distribution of

dimers demonstrated that the averaged SERS intensities actually represent the hot-spot-
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Figure 4.5. Ratio of standard deviations between SERS and SEM measurements.
Standard deviations reflect the absolute number of AuNP dimers on SERS intensity
measurements and AuNP dimer counts in SEM images. The laser beam size for SERS is
smaller than the analytical area of the SEM image in this study, which is consistent with
the relatively large standard deviation of SERS measurements. This implies that the
discrepancy of standard deviations between SEM and SERS originates from the
difference in the number of AuNPs for the two types of measurements. With an effective
beam size of 4.24 pm, the ratio obtained from experiments is in good agreement with the
predicted value.

generating SERS exclusively from AuNP dimers.

4.3.6 Alignment of asymmetric AuNPs in dimers with respect to
location of Raman probe

The effect of the interparticle spacing on SERS was studied by incorporation of
hydroxyl-terminated linkers with different chain lengths (Figure 4.6). Even though
incorporating OH-terminated alkanethiols of different lengths also effects on the yield of
dimer formation, there is a significant discrepancy of SERS intensity depending on
lengths in a range of the similar yield, i.e., 8 - 15% (Figure 4.6A). When C6-OH was used
(estimated interparticle spacing: ~2.2 nm), a SERS signal was not observed regardless of

the amount of NBT added. On the other hand, when C16-OH was used (estimated
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Figure 4.6. Effects of interparticle spacing in AuNP dimers on SERS enhancement,
induced by change of linker lengths. (A) Comparison of SERS intensities of AuNP
dimers prepared by the OH-terminated alkanethiol linkers with different hydrocarbon
lengths. (B) Two representative configurations of asymmetric NPs in dimer formation.
One is an aligned configuration with Raman probes (*) located at hot spots, which the
linker length-dependent SERS is expected. The other is a random configuration that is

independent of the hydrocarbon length of the linker. Only the aligned configuration is
consistent with the experimental SERS result from AuNP dimers.

interparticle spacing: ~4.4 nm), the SERS signal was enhanced similarly to the signals
generated using C11-OH (see Section 4.3.7 for detailed estimation of the interparticle
spacing). This observation can be explained only with an aligned configuration of the
asymmetric NPs (Figure 4.6B). The OH-terminated alkanethiols adsorbed the AuNP
surface in the vicinity of Raman probe induces the asymmetric NPs to be aligned, having
the location of Raman probe be placed at the junction of the resultant dimer. A similar
SERS response would be expected irrespective of the lengths of linkers at the given yield
of dimer formation if a random configuration is dominant. The dimer formation through
the positively-charged stabilizing surface (stabilizing-to-stabilizing) unlikely occurs due
to electrostatic repulsion, which led to avoidance of SERS-inactive dimers, i.e., no
Raman probe in the junction of AuNP dimers. It is well-known that the LSP of AuNP

dimers changes dramatically as the particles approach an interparticle spacing of less than
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2 nm.434 In contrast to what is expected, the SERS enhancement decreases as the gap
spacing decreases from 11-carbon chain length to 6-carbon chain while the SERS
intensities from 16-carbon and 11-carbon chains are comparable. However, this trend is
against calculated results in the literature where the opposite trend has been reported
based on calculations.1316 Detailed correlation of the SERS with the gap spacing using
calculation is out of scope in this study, but the potential usefulness of the AUNP dimers,
fabricated by the asymmetric functionalization method, is emphasized as platforms in
hot-spot generating SERS studies. Moreover, the dependency of dimer formation on the
linker length supports the aligned configuration of the asymmetric NPs as a dominant
species of dimers.

It was further investigated that the aligned configuration of the asymmetric NPs
through the linker (configuration 1A, Figure 4.7) governs the dimer formation, rather than
possibly varied configurations. While the SEM images of AuNP dimers cannot
distinguish the orientation of asymmetric NPs, the SERS intensities of AUNP dimers are
able to address the configuration of asymmetric NPs with respect to the location of
Raman probes in hot spot regions. A maximum SERS signal is expected when Raman
probes of both asymmetric NPs are located at the junctions (hot spots) of AuNP dimers.
Here, a control experiment was performed in absence of linkers, only using the Raman
probes for the second functionalization. Interestingly, under the similar dimer yield
~21%) for both of the samples with/without linkers, ii the averaged SERS intensity of the
dimer sample prepared with the linker is almost twice as much as the dimer sample
prepared without linker. The formed dimers with and without linkers, both possessing

“The percentages of dimers/trimers and ratios of added NBT/linker are 81.5%/11.1% and 4/1 for the

sample prepared with linkers and 77.7%/16.0% and 2/0 for the sample prepared without linkers,
respectively. The amounts of added NBT are also comparable for both samples.



216

With linkers Without linker
L 1
(1A) (IB) (11A) (MB)
Dimer: 21.1% Dimer: 21.0%
SERS: 177 cts/10s SERS: 98 cts/10s

Figure 4.7. Illustration of the linker (HS-C11-OH) role in the orientation of asymmetric
NPs in dimers. Configurations (I) represent dimer formations with the linker (blue color)
whereas configurations (I1) without linker. Configurations (A) indicate aligned
asymmetric NPs in dimers with respect to the location of Raman probes (*) whereas
configurations (B) randomly-oriented asymmetric NPs. Note that the ratio of the
approximate number of the Raman probes in the junctions (IA/1IB = 2/1) is compatible
with the ratio of SERS intensities (IA/IIB = 177/98) under the same dimer yield.

21%-dimers, exhibited Raman intensities of 177 cts/10s and 98 cts/10s (see a
representative Raman scattering spectrum of randomly oriented AuNP dimers in the
Appendix), respectively. Due to the similar populations of hot spots, this difference in
SERS intensities can be associated with different amounts of Raman probes at the hot
spots.

As is illustrated in Figure 4.7, this led to the speculation that the aligned configuration
(1A) is dominant when the linker is used whereas the random configuration (1IB) is
dominant when the linker is absent since the amount of the Raman probe at hot spots for
the aligned dimers is twice as much as the randomly-oriented dimers. The linker induces
the aligned configuration of asymmetric NPs, forming configuration IA rather than
configuration 1B. Without linkers, however, asymmetric NPs form into configuration 11B
possessing about a half amount of Raman probes at the hot spots, compared to
configuration I1A. Due to electrostatic repulsion of the stabilizing layer of asymmetric

NPs, dimers are formed through either both reactive surfaces (reactive-to-reactive,
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configuration A) or only one reactive surface (reactive-to-stabilizing, configuration B).
The former relies on hydrogen bonds of the OH-terminated linkers, and the latter likely
utilizes electrostatic attraction between the positively-charged stabilizing layer and the
negatively-charged carboxylate groups of remaining citrate on the reactive surface. Note
that interparticle spacing for both configurations (IA and 1IB) is comparable (two
monolayers of C11-OH thiol for IA and a monolayer of Cn-NH3tthiol plus Ph-NO2thiol
or surface remaining citrate for 11B). The importance of AuNP alignment for SERS
intensities has been demonstrated in 1-D assemblies. 46 As a result, the correlation
between the estimated amount of Raman probes at hot spots and the SERS intensity,
depending on the orientation of asymmetric AuNPs, also supports the aligned dimer

configuration is dominant with aid of linkers.

4.3.7 Interface of the AuNP-surface/adsorbed-molecule at hot spots

Determination of the interparticle spacing is closely related to the NP surfaces and the
functionalization on the reactive surface. TEM analysis was used to estimate the
interparticle gap distance, but it provides only lateral images impacting the accuracy of
this determination. When a gap interface in NP assemblies is not parallel to the beam
direction, the entire interface is not represented by the microscope image. Thus, this limit
in TEM image analysis causes deviations in spacing determination and results in two
extremes, the large spacing estimates and the appearance of a merged interface. ™ The
upper limit of the measured distances probably represents the real interparticle spacing.
Due to the inaccuracy of the TEM-based spacing measurement, it is important to
establish well-defined interfaces of the assembly junctions, especially for small gaps

between large NPs.
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Most of all, the relatively large AuNPs and silver NPs (AgNPs) (> 10 nm in diameter)
are still crystalline particles with faceted surfaces although they have been often assumed
to be perfect spheres in theoretical consideration for NP-based studies. The Au or AgNPs
likely interact via molecular layers at facets,1447 rather than at edges, due to the maximum
attractive interaction on the large terrace area. It was assumed that the AuNPs in this
study were ideal truncated octahedrons, consisting of eight (111) hexagons and six (100)
squares,14 as were suggested for large AuNPs (> ~20 nm in diameter).48 The area of one
hexagonal facet is 9.7% of the total surface area whereas that of one square facet is 3.7%
of the total surface area. For this purposes, it is assumed the hexagon is likely the reactive
surface (i.e., the spatially localized region) since the hexagon area is believed to be in
contact with the silane layer in the immobilization step of the asymmetric
functionalization for maximum electrostatic interaction. This leads to another important
assumption in that the asymmetric AuNPs assemble into dimers through interactions
between ligands adsorbed to the hexagon faceted areas for similar reasons of maximum
hydrogen bond interactions of the hydroxyl linker molecules. Moreover, this assumption
is practical because it is very challenging to distinguish the surface coverages of two
mixed organic layers on metal NPs®within ~6 percent accuracy.

For the 40-nm AuNPs, the area of the reactive surface is ~480 nm . Based on these
assumptions and the known surface coverages of benzenethiol 0 (4.3 x 104
benzenethiols/cm2)iii and alkanethiol5L (4.5 x 1014 alkanethiols/cm2) on a Au(111) surface,
it was possible to add the linker and Raman probes quantitatively into solution, assuming

that the ratio between the added amounts of thiols are the same as that adsorbed on Au

iiiThis value was obtained based on the STM analysis. The XPS determined coverage for benzenethiol
is larger (6.3 x 1014thiols/cm2: Whelan, C. M.; Smyth, M. R.; Barnes, C. J. Langmuir 1999, 15, 116-126.
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surfaces due to the similar binding energy (35 kJ/mol and -33 kJ/mol for octanethiol and
NBT, respectively®®). Although the mole ratio [linker]/([Raman-probe] + [linker]) is
varied between 0.2 and 0.7 among AuNP dimer samples, the SERS intensities with
estimated amounts of Raman probes could not be correlated for each AuNP dimer sample
since the adsorbate coverage also influences the adsorbate geometry and thus SERS.
More importantly, the added amount of the linker HS-C11-OH was excess (30-ML
coverage amount on the reactive surface), but a monolayer formation of the hydroxyl
thiol with Raman probes was expected since a bilayer of the hydroxyl thiols does not
form on Au surfaces through the hydroxyl group interaction irrespective of
concentration.B This experimental design can prevent a multilayer linker formation on
the reactive surface. In addition, the linker molecules may prohibit possible changes of
the motion and orientation of Raman probes adsorbed together on a surface83 during
laser-mediated SERS measurements.

A ligand shell around each NP component was observed in the TEM image (Figure
4.8A). The contrast of the ligand layer likely results from negatively-charge gold chloride
complexesAbthat interact with the positively-charged functional group of the amine
thiol at the asymmetric functionalization step, and the gold complexes are originally
adsorbed on the silane layer electrostatically during the citrate-AuNP immobilization
procedure. The shell layer thickness (the distance between the center of the shell layer
and the AuNP surface) is 1.9 nm (x 0.4) obtained from the given AuNP dimer, and this is
close to the theoretical thickness of the layerivconsisting of the amine thiol and gold

chloride complex (~2.0 nm). Note that the shell layer is not shown at the junction of the

iMChemBio3D (CambridgeSoft) program was used to obtain the length of molecules. The Au-S bond
length is 2.85 A, and the tilted angle for aryl- and alkanethiols is 30oto normal.
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AuNP surface

AuNP surface
Figure 4.8. Interface of a AuNP dimer. (A) A representative TEM image of AUNP dimers,
exhibiting a facet-to-facet junction. (B) Depicted junction of the AuNP dimer showing
the Raman probes (HS-Ph-NO2) and hydrogen-bonded linkers (HS-C11-OH) adsorbed on
different NP surfaces, which leads to determination of the junction spacing of ~3.3 nm.

The interparticle spacing determined from the TEM analysis (3.0 £ 0.1 nm) is in good
agreement with the calculated distance (3.3 nm).

AuUNP dimer, which demonstrates the asymmetric AuNPs as the building block of the
dimer. Noticeably, the AuNPs were typically assembled through a facet-to-facet binding
(Figure 4.8A). Interparticle spacing of 92 AuNP dimers was measured, and the average
from 4% upper limits of the measured values is 3.0 nm (x0.1) (see the distribution of
measured interparticle spacing for AuNP dimers in the Appendix). This value is in good
agreement with calculated spacing based on the assumption about the AuNP junction
(~3.3 nm) (Figure 4.8B). The fitting of the measured gap spacing with a Gaussian
distribution implies the randomness of the measured value, and thus probably suggests

that the gap with respect to TEM electron beam is randomly oriented to normal.

4.3.8 Role of linker molecules in the formation of AuUNP dimers
The formation of the AuNP dimer was elucidated in more detail. The added amounts

of NBT were changed by 15 - 120 ML coverages while keeping the amount of hydroxyl
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linker345%657to be 30 ML coverage, in order to investigate the efficiency of the dimer
formations as the ratio of the two ligands were changed. The SERS and SEM images
were obtained from the same glass substrates, which led to direct comparison of the
SERS and the SEM image. The SEM samples were prepared after waiting for 2 h upon
the second functionalization, in order to make sure that most of the added thiols can
adsorb into the AuNP surfaces.® The broadened peaks of AuNPs in UV-Vis absorbance
implied that some dimers were formed in solution (see UV-Visible absorption spectra of
the solutions of asymmetric AuNPs in the Appendix). Figure 4.9 represents NP
association/dissociation behaviors as change of the linker ratio in solution. As the ratio of
the linker increases, the asymmetric AuNPs assemble into dimers, reaching a maximum
of the mole ratio [linker]/([Raman-probe] + [linker]), X, = ~0.5. When there are enough
hydroxyl groups on the AuNP surface, the cooperative hydrogen bond through the

interfacial hydroxyl groups governs the AUNP dimer formation. However, as the amounts

[C11-OH]/([NBT] +[C11-OH])

Figure 4.9. Dependence of the formation of the AuNP dimers on the amount of the linker
(HS-C11-OH) added in solution. Interactions between the linker-functionalized AuNPs
are dominant prior to the linker ratio, x = [linker]/([Raman-probe] + [linker]) = ~0.5 (NP
association). As the linker amount increases further (x > 0.5), interactions of the linker-
functionalized AuNPs with free linkers become dominant, and this hinders the formation
of NP dimers (NP dissociation).
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of the linker increases further, it prevents the dimer formation, which can be explained
that the hydroxyl linker functionalized AuNPs interact with free linkers dominantly at the
high concentration of the added linker molecules. Sudden change of adhesion force
between hydroxyl groups depending on hydroxyl contents was reported, which the force
[MN/m] was dropped drastically from 110 to 30, 30, and 10 as the hydroxyl content (%)
was decreased from 100 to 75, 50, and 25.9 The dependence of the formation of AuNP
dimer on the linker concentration demonstrated the driving force of the dimer formation
is the hydrogen bond between the linker hydroxyl groups.3%60

Considering the highest yield of the dimer formation (~31%) at x = ~0.5 (despite the
larger binding constant of alkanethiol compared to that of benzenethiol®®), it was assumed
that the surface coverage for each thiol on the reactive surface is equal. Therefore, it was
concluded ~50% of the reactive surface was functionalized with the Raman probe
molecule at x = ~0.5, which ~2000vNBT were placed on each hot spot of the dimer. With
the well-defined asymmetric functionalization method and the mechanism of the dimer
formation it was eventually possible to avoid a large uncertainty in the actual number of
the Raman probes, and thus to offer a much better estimate of the surface coverage.

Additionally, in the absence of the linkers, citrate accumulated at interfaces may be
able to mediate the dimer formation through hydrogen bonds of carboxylic acid groups.
This was evidenced by appearance of the carboxylic acid peaks in SERS spectra of AUNP
dimers. The carboxylic acid peak at ~1730 cm-1 was observed when any thiol was not
added for the second asymmetric functionalization step (see the Raman scattering

spectrum of AuUNP dimers prepared without the second functionalization in the

V2 X (4.3NBT/nm2 x 0.5 x 480 nm2 = 2064; this is an upper limit since there are likely citrate
molecules remaining on the surface. Also ethanol can bind to the surface.
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Appendix). However, the interaction between citrate carboxylic groups remaining on the

reactive surface and linker hydroxyl groups6l may also contribute to the dimer formation.

4.3.9 Determination of SERS enhancement factor

Finally, the normalized SERS at the hot spot per AuNP dimer was calculated from
~2000 NBT. Note that the average diameter of the single NPs is 40 nm, and the
interparticle spacing of the dimer is ~3.3 nm. Using a 4.2-p.m laser spot size for the SERS
measurements and a dimer formation yield from the substrate that produced 31% dimers
as well as correcting the 5.8% random dimer configuration, it was found that one dimer
produced a SERS signal of ~37 cts/10s and 3.7 x 104 cts/(mW-s-molecule).v Normal
Raman from NBT without NPs also was obtained. By obtaining unsaturated Raman
intensities from solid NBT on glass substrates (see the distribution of Raman scattering
intensities from pure NBT molecules in the Appendix for verifying unsaturated NBT
amounts on the substrate), the normalized conventional Raman of NBT was calculated to
be 2.8 x 10-10 cts/(mW-s-molecule)vii given the laser spot size of 4.2 pm. Therefore, the
SERS enhancement factor is ~106 from the hot spot of the AuNP dimer. Note that the
enhancement factor is a polarization-averaged value without specifically exciting hot
spots parallel to the dimer axis through polarized light. The SERS enhancement factor in
this study is smaller by two orders of magnitude than the value reported from other AUNP

assemblies ™ that is sufficient to detect a single molecule (enhancement factors required:

viNine dimers per 14.1-"m2 SEM image area; under the 4.2-"m laser spot size, the spot area is 14.1-
"m2; the SERS average is 312 cts/10s; 312 cts/(1-0.058)dimer = 37 cts; 37 cts/(10s-5mW-2000NBT) = 3.7
x 104 cts/(mW-s-molecule)

\iiThe average intensity of the normal Raman from the dried NBT is 679 cts/10s at 5 mW. In the given
laser spot area (13.8 “m2), Raman intensity per “m2is 49.1 cts/(10s"m2), and there are 3.45 x 109 NBT
molecules/*m2. Thus, the normalized conventional Raman of NBT is 49.1 cts/((5mW-10s-"m2)-(3.45 x 109
molecules/"m2)) = 2.8 x 10-10 cts/(mW-s-molecule).
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108 - 1010.19 The detailed studies of the SERS enhancements from AuNP dimers with
molecular geometry, change of interparticle spacing and polarization by single particle

measurements are ongoing.

4.4 Conclusion

The asymmetric functionalization method was utilized to place Raman probe
molecules (4-nitrobenzenethiol, NBT) in a spatially localized region of AuNPs.& The
asymmetrically functionalized AuNPs (average diameter of individual NPs: 40 nm) form
into dimers with aid of the hydroxyl-terminated alkanethiols as linker, and the localized
regions with Raman probes are located at the junction of AuNP dimers. This produces
SERS exclusively from the hot-spots of dimers. The orientation of the asymmetric NPs in
dimers was investigated by SERS analyses, and the alignment of the asymmetric NPs was
demonstrated. The plot between SERS intensities and dimer yield exhibits linearity, and
this is strong evidence of the specific placement of the Raman probe at the junctions of
AuNP dimers. The hydrocarbon length of the linkers affects SERS intensities, which
supports the specific location of Raman probes at the junctions of AuNP dimers. With
estimating the number of NBT (2000 molecules) and interparticle spacing (3.3 nm), the
determined enhancement factor of SERS is 106. Due to the well-defined interface, the
asymmetric functionalization approach can be applied to other NP-assembly-based

studies including SM-SERS.
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4.5 Appendix: Directing Raman probe molecules into junctions of

gold nanoparticle dimers by asymmetric functionalization

400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 4.10. UV-Visible absorption spectra of solutions of asymmetric AuNPs with
varied amount ratios of linkers. The NP solutions (A) with linkers (30 ML) and (B)
without linker. The Raman probes were added for both samples, which the concentrations
are represented by the numbers of monolayer (ML). Asymmetrically-functionalized
AUuNPs exhibit some assemblies regardless of the linker addition.
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Figure 4.11. Raman scattering spectrum of AuNP dimers prepared without the second
functionalization. Immobilized AuNPs on a glass substrate were released into ethanol
solution by sonication without additional thiols. Note that the symmetric NO?2 stretching
of 4-NBT at 1336 cm-l was not observed as expected, but the vC=0O stretching of
carboxylic acid groups of citrate at 1730 cm-1was detected.
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Figure 4.12. Representative Raman scattering spectrum of the NP aggregate sample.

Dimer Formation, average (%)

Figure 4.13. Distribution of dominant types of AuNP assemblies for each substrate.
Dimers, trimers, and tetramers are the most populated types of assembly. The number of
occurrence for high-order assemblies beyond tetramers is less than 8% among the whole
assembled NPs. For each averaged dimer formation from 12 to 31%, the ratios of
dimers/trimers are 0.742/0.169, 0.815/0.111, 0.715/0.236, and 0.700/0.275, respectively.
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1/SQRT(Dimer Formation)

Figure 4.14. Correlation between standard deviations of SERS intensities and dimer
yields as a function of a square-root of the number of dimer yields. The linearity directly
reflects the SERS responses from AuNP dimers. Generally, a standard deviation is
inversely proportional to a square-root of sample size.
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Figure 4.15. Correlation between standard deviations of SERS intensities and dimer
yields as a function of a square-root of the number of dimer yields with respect to the
5.8%-correction. This percentage was subtracted from each dimer yield in correction. (A)
Before correction, exhibiting a deviation from linearity for the standard deviation of
dimer formation. One point at the largest 1/SQRT(Dimer formation) is dropped in Figure
4.14. (B) The linearity for the standard deviation of dimer formation was recovered after

correction.
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Figure 4.16. Normalized spectra in the symmetric NO2 stretching (vsynNO2) regions at
different NBT coverages. (A) Raman scattering spectra and (B) ATR-IR spectra. Dotted
lines are given as guides at 1335/1328 cm-1 for (A) and 1329/1340 cm-1 for (B), which
these peak shifts may indicate possible geometric changes of the adsorbed NBT with
change of coverage. The IR peak areas of 1340 cm-1/1329 cm-1 after deconvolution were
0/41.3, 11.0/38.3, 20.7/24.9, and 23.9/10.5 for 15, 30, 60, and 120-ML, respectively. IR
peak shift of the asymmetric NO2 stretching (vassyNO2) at 1517 cm-1was not observed.
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Figure 4.17. Representative Raman scattering spectrum of the randomly oriented AuNP
dimers when a linker is not used.

Measured Gap Spacing (nm)

Figure 4.18. Distribution of measured interparticle spacing for all 92 AuNP dimers in
TEM images from 30-ML sample. The fitted curve is Gaussian, which implies random
orientation of the interparticle gap to normal in TEM imaging.
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Figure 4.19. Distribution of Raman scattering intensities from pure NBT molecules. The
small populations of two largest intensities, i.e., 103- 104and 104- 105cts/10s, verify that
the NBT sample was not saturated in signal.
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4.5.1 Weighted hot-spot population

Normalized weighted hot-spot population (%)

= (Avg. dimer yield) / [(#NP of a dimer) x (dimer population ratio) / ((#hot-spot of a
dimer) x (dimeric hot-spot intensity)) + (#NP of a trimer) x (trimer population ratio) /
((#hot-spot of a trimer) x (trimeric hot-spot intensity))]

For 12-% averaged dimer formation (population rato of dimers/trimers = 0.742/0.169),

the weighted hot-spot population (%)

= (12%) / [2 X 0.742 1 (1 x 1) + 3 x 0.169 / (2 x 3)] = 7.65 %

4.5.2 SERS intensity corrected by weighted hot-spot population

Unnormalized SERS intensity corrected by weighted hot-spot population

= (Avg. SERS intensity) / [(relative amount of NBT at one hot spot of a dimer) x (dimer
population ratio) + (relative amount of NBT at two hot spots of a trimer) x (trimer
population ratio)] / (NBT ratio)

For 12-% averaged dimer formation (averaged SERS intensity = 81.3 cts/10s, NBT ratio

= 0.333),

the corrected SERS intensity at hot spots (unnormalized)

= 81.3/ [(2 x 0.742) + (3 x 0.169)] / 0.333 = 122.6 cts/10s

Avg. Dimer Trimer Avg. Weighted Corrected NBT  Corrected
dimer ratio ratio SERS hot-spot SERS at ratio  SERS at
yield intensity  population hot-spots hot-spots
(%) (cts/10s) (%) without with NBT
NBT ratio ratio

120 0742 0.169 813 7.65 40.8 0.33 122.6
21.1 0.815 0.111 177.4 12.52 90.4 0.80 113.0
26.7 0.715 0.236 252.4 17.25 118.1 0.67 177.0

3.1 0.700 0275 312.2 20.23 140.3 0.50  280.6
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CHAPTER 5

POLYMER-INDUCED SYNTHESIS OF STABLE GOLD AND SILVER
NANOPARTICLES AND SUBSEQUENT LIGAND

EXCHANGE IN WATER*

5.1 Introduction

Metal nanoparticles, particularly gold, have received wide attention
for application in photonics,12 electronic and optical detection systems,34
device development,58 therapeutics,910 and catalysis.11,12 Due to the requirements for
control of nanoparticle size and surface functionalization for this broad range of
applications, different synthetic methods have been developed to generate monodisperse
gold nanoparticles (AuNPs). One of the most widely-used methods is the reduction of
tetrachloroaurate ions (AuCls-) in aqueous medium using sodium citrate to generate
particles with diameters typically ranging from 10 to 100 nm. ** Although this method has
good control over producing a particular particle size, it is limited to the synthesis of
larger particles. The Brust method and various modificationsl416 are useful for the

generation of AuNPs having core sizes ranging from 1to 4 nm. In the Brust method, the

*Reprinted with permission from Sardar, R.; Park, J.-W.; Shumaker-Parry, J. S. Langmuir 2007, 23,
11883-11889. Copyright 2007 American Chemical Society. The second author conducted all experimental
and characterization work reported except as indicated. The author also composed the manuscript
corresponding to Chapter 5. Sardar, R. carried out the TEM imaging and provided experimental design
guidance. Shumaker-Parry, J. S. provided experimental design and editorial guidance.
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transfer of AuCl4 into toluene or chloroform is performed using tetraalkylammonium
bromide followed by reduction with sodium borohydride in the presence of alkylthiols.
Disadvantages of this method include contamination of the synthesized particles with
boride™ and potential presence of impurities introduced by the use of capping ligands
which also hinder the surface modification and functionalization of particles for particular
applications. A few other single-step reduction processes also were developed to generate
monodisperse gold nanoparticles but these are limited to organic media.1819 In addition,
reduction of gold salt to form AuNPs using amine-containing organic molecules has been

investigated, °-**

but most of the amine compounds used in those AuNP syntheses are
soluble in only organic solvents, and the reduction reactions must take place in an organic
solvent or in a biphasic system. As a result, the nanoparticles prepared using those
methods are not easily dispersed in aqueous solution. To use the AuNPs in an aqueous-
based or biological systems, it is necessary to functionalize the particles with ligands
which facilitate phase transfer from an organic to an aqueous medium.

Alternative synthetic strategies based on using polymers as both the reducing and
stabilizing agent for the generation of stable metal nanoparticles without the use of an
additional stabilizing agent have been developed. The resulting nanoparticle-polymer
composites have been shown to be useful in catalytic transformations® and could be
useful for nanostructured solar cells, photonic band gap materials, storage devices, and
drug delivery. Some polymers can fulfill the required dual role as a reducer and stabilizer.
Examples include poly(methylhydrosiloxane),%  poly(N-vinyl-2-pyrrolidone),27

poly(sodium  acrylate),”® poly(ethylene  oxide),® poly(vinyl alcohols),* and

polyethylenimine.® However, even in the syntheses using those polymers, either the
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reduction reaction was carried out in organic solvents or produced polydisperse
nanoparticles. In both situations, the use of the nanoparticles is restricted, or at least
complicated, for aqueous-based (e.g., biological) applications or applications that require
monodisperse particles (e.g., electronics).

The major advantage of using a polymer as a stabilizing agent is that it can be used to
tailor the nanocomposite properties and also to provide long-tem stability of the

nanoparticles by preventing particle agglomeration.***

To produce stable polymer-
encapsulated nanoparticles, the polymer should have a coordinating group such as a thiol
or amine in its backbone. Although monodisperse particles may be synthesized using a

thiolated polymer, %

the surface modification of those nanoparticles by nonthiolated
ligands would be difficult due to the strong sulfur-gold interaction and complete
displacement by even thiolated ligands would be difficult to achieve. On the other hand,
an amine group has a weak interaction with metal nanoparticles and can be easily
replaced by a thiolated ligand. %

In this context, a suitable synthetic approach is desirable where the nanoparticles
could be stabilized by polymer-containing amine functional groups which can undergo
ligand exchange with a variety of thiolated ligands for specific nanoparticle applications.
Although poly(allylamine) (PAAm) was previously studied for its stabilizing ability,®the
polymer’s dual character both as reducing and stabilizing agent for the generation of
stable metal nanoparticles has not been reported yet. In this article, we report a simple,
inexpensive, single-step synthesis of gold nanoparticles using poly(allylamine) (PAAmM)

both as a reducing and a stabilizing agent. The polymer-nanoparticle composite synthesis

was carried out in water, making the method versatile and environmentally friendly. One
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of the main challenges in obtaining a useful polymer-nanoparticle composite is
controlling the particle dispersion inside the polymer matrix. We show that the particle
size and size dispersion can be controlled by simply varying the molar ratio of the PAAmM
used in the reaction. The synthesized polymer-stabilized nanoparticles are stable in water
for at least a month. We demonstrate successful ligand exchange on the polymer-
stabilized gold nanoparticles with a variety of ra-functionalized acid-, alcohol-, amine-,
and biotin-terminated alkylthiols. The methodologies, including ligand exchange, are also

applied to generate finely dispersed silver nanoparticles in aqueous solution.

5.2 Experiments

5.2.1 Materials

HAuCI4-3H20, AgNO3 poly(allylamine) (PAAm, 20 wt. % solution in water, Mw
ca.65,000), 16-mercaptohexadecanoic acid (MHA), 2-mercaptoethylamine (MEA), 11-
mercapto-1-undecanol (MUOH) were purchased from Aldrich. Biotin-terminated
tri(ethylene glycol) hexadecanethiol was obtained from ASEMBLON (Redmond, WA).
All water used was purified using a NANOpure Diamond™ (Barnstead, Nanopure water,
17.8 Mfl/cm). Absolute ethanol was obtained from Aapper (200 proof, Shelbyville, KY).
All glassware was washed with aqua-regia (3:1, HCI:HNO3J) and rinsed copiously with

Nanopure water. All chemicals were used as received without further purification.

5.2.2 Spectroscopy and microscopy measurements
Absorption spectra (300 nm to 800 nm) were collected using a Perkin-Elmer Lambda

19 UV/Vis/NIR spectrophotometer. Samples of polymer-stabilized NPs were taken from
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the reaction vessel during synthesis and analyzed without a cooling step. A Perkin-Elmer
Spectrum One FTIR Spectrometer was used for IR analysis. IR samples were prepared by
dropping approximately 400 AL of sample on a PTFE (polytetrafluoroethylene) IR card
(International Crystal Laboratories, NJ) and allowing it to dry in air overnight.
Transmission electron microscopy (TEM) micrographs were obtained using an FEI
Company Tecnai T-12 TEM operating at 100 KV accelerating voltage. For TEM analysis,
each solution was centrifuged at 1000 r.p.m. for 30 min, one drop of reaction mixture was
deposited on a 150-mesh formvar-coated copper grid, and excess solution was removed
by wicking with filter paper to avoid particle aggregation. The particle size analysis was
conducted by analyzing 200 particles in the TEM images using Scion Image Beta 4.02
Software. In Scion Image, after setting the known distance and unit, the ‘Analyze
Particle’ parameter was used to generate a table of particle diameters. This table was then

exported into Microsoft Excel 2003 for statistical analysis.

5.2.3 Preparation of the PAAm-stabilized AuNPs

Twenty mg of HAuCI14-3H20 (0.051 mmol) were dissolved in 190 mL of Nanopure
water in a three-neck round-bottom flask. After the solution was allowed to reflux with
constant stirring, 10 mL of a 0.04 M poly(allylamine) aqueous solution was added to the
reaction vessel. The reaction was monitored by UV-visible spectroscopy, and the reaction
was allowed to proceed until the amplitude of the absorption spectrum reached a
maximum. The color of the final product solution was dark reddish purple. Once the
reaction was complete, the solution was allowed to cool to room temperature and stored

in a brown-glass container. The reaction procedure was repeated with varying amounts of
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polymer solution as described in the ‘Results and discussion’ section below.

5.2.4 Preparation of the PAAm-stabilized AgNPs

Twenty mg of AgNO3 (0.118 mmol) and 10 mL of 0.04 M poly(allylamine) solution
were used to prepare AgNPs in 200 mL of water. The synthetic procedure was the same
as that used for the synthesis of AuNPs. The product AgNP solution was yellow without
noticeable precipitation during the reaction. The yellow color was detectable by eye after
the reaction had proceeded for about 25 min. A stable absorption spectrum maximum was

reached 24 h after the addition of PAAmM.

5.2.5 Ligand exchange

The polymer-AuNPs solution was centrifuged for 30 min at 1000 r.p.m., and only
clear supernatant was used in the ligand-exchange reactions. For each ligand exchange, 5
mL of the polymer-AuNPs solution was mixed with 1 mL of 1 mM thiol-ligand, and the
solution was stirred for 4 h at room temperature. The solution color did not change
during any of the ligand-exchange reactions. The reaction mixtures were analyzed using
UV-visible absorption spectroscopy, TEM, and FTIR. Similar methodology was followed

for the ligand-exchange studies of polymer-stabilized AgNPs.

5.3 Results and discussion
5.3.1 Characterization of PAAm-stabilized gold nanoparticles in water
Gold nanoparticle synthesis using PAAm as both a reducing and stabilizing agent is

shown in Scheme 5.1. Approximately 4 min after the addition of polymer to an aqueous
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Scheme 5.1. PAAm induced synthesis and stabilization of gold nanoparticles in water

solution of HAuCI4-3H20, the solution turned light purple. The purple color deepened to
medium purple at 10 min and at 30 min the final solution was dark reddish purple.
UV-visible absorption spectroscopy was used to monitor the AuNP synthesis at
different stages. Representative spectra are shown in Figure 5.1. The light-purple solution
collected at 4 min showed a broad peak maximum, Xvex, at 521 nm, which is
characteristic for AuNPs in this size regime and dielectric environment.Z0 The V axwas
red-shifted by 3 nm to 524 nm for the medium purple solution collected at 10 min. At the
end of the reduction (~30 min), the V axfor the dark reddish-purple solution was 521 nm
which is a 3 nm blue shift from 524 nm for the medium purple colored solution. In a
previous report,2% a similar blue shift also was observed for polymer-stabilized silver
nanoparticles. This blue shift is likely due to the dissociation of larger particles into
smaller particles. In our system, at the initial stage of the reaction when small
nanoparticles are formed, the particles could collide with each other to produce larger,
more stable particles, leading to a red-shift in the V ax After time, those bigger particles
could dissociate due to heating to form smaller-sized particles that are stabilized by the
amine pendant groups on the PAAm backbone which leads to the formation of polymer-

encapsulated stable nanoparticles. The mechanism of the gold reduction process can be



244

A

400 500 600 700 800

Wavelength (nm)

(B) (©

Figure 5.1. (A) UV-visible absorption spectra, (B) TEM image, and (C) the corresponding
particle size analysis histogram of the gold nanoparticles.

explained by the metal ion-induced oxidation of amine to nitrile, which has been
described previously.4142

The final dark reddish purple AuNP solution was then analyzed by transmission
electron microscopy (TEM) to determine the particle size, size distribution and
morphology. The TEM analysis showed the formation of spherical gold nanoparticles

with an average diameter of 1.7 £ 0.6 nm. Figure 5.1B and 5.1C present a representative
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TEM image and the corresponding size histogram of the synthesized AuNPs,
respectively. The polymer-encapsulated AuNPs were stable in water without additional
surfactant and displayed an intense absorption peak, V ax, of 522 nm without a shoulder
at longer wavelengths for 40 d (see the Appendix).

We investigated the use of different PAAm concentrations (0.04 - 0.32 M) to control
the particle size and size dispersion in the AuNP synthesis, shown in Table 5.1. The
formation of AuNPs in the presence of different polymer concentrations was monitored
by UV-visible absorption spectroscopy (see the Appendix). We observed that at higher
polymer concentration the initial rate of formation of AuNPs was slower, and the
reduction takes a longer time to complete. In a recent publication, Patakfalvi et al.
reported that NaBH4 reduction of silver salt took a longer time to reach completion in the
presence of a higher concentration of stabilizing polymer PVP.43 In our system, PAAmM
also acts as a stabilizer, and our observations correlate well with the reported result. The
AuNPs also were analyzed by TEM. Representative TEM images are shown in Figure
5.2A and 5.2B. In the presence of 0.16 M and 0.32 M of PAAmM, the AuNP size was 2.6 +
0.9 and 2.2 + 0.6 nm, respectively. These particles are larger than particles synthesized
using a lower polymer concentration (e.g., 0.04 M, 1.7 £ 0.6 nm particle diameter). At the
higher PAAm concentration (0.32 M) some micellar structures also were observed along
with individual AuNPs. Additional experiments are underway to understand the slow
formation of gold nanoparticles at higher polymer concentrations and also the effect of

polymer concentration on AuNP size dispersion.
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Figure 5.2. TEM images of the AuNPs synthesized using PAAm concentrations of (A)
0.16 M and (B) 0.32 M.

Table 5.1. Comparison of reaction time, UV-visible absorption maxima, and size of gold
nanoparticles synthesized using different PAAm concentrations”®

UV-vis

[PAAm] Time for stable maximum Particle size
M .
(M) Xrex (min) oem) (nm) (nm)b
0.04 30 521 1.7 (0.6)
0.08 45 515 3.0 (1.0)
0.16 80 515 2.6 (0.9)
0.32 220 513 2.2 (0.6)

an each case, 200 particles were counted to determine the size and the dispersity.
bThe number in parenthesis indicates the standard deviation.

5.3.2 Ligand-exchange study of AuNPs

Ligand-stabilized nanoparticles have been studied extensively for a variety of
applications and also have been used as model systems for fundamental place-exchange
reaction studies.4446 The place-exchange reaction is a versatile and important method for
preparation of functionalized metal nanoparticles.47-491n this reaction, addition of ligand-

protected nanoparticles to a solution of a second ligand effects partial replacement of the
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protecting shell on the nanoparticle surface with the second ligand. Ligand exchange has
been studied the most for thiol-protected Au nanoparticles, and the exchange mechanism
for thiols with AuNPs has been studied extensively by Murray and coworkers.5)5L
Typically, the place-exchange reaction leads to a mixed ligand shell composed of the
initial capping-ligand and the second ligand used in the exchange reaction. More complex
ligand shells composed of more than two constituents have been formed through place-
exchange reactions using either a simultaneous exchange process with a mixture of thiols
in solution or in a step-wise process through sequential place-exchange reactions with
different ligands. In all of these place-exchange methods, the extent of ligand exchange
and the composition of the resulting ligand shell are both highly dependent on the
reaction conditions (e.g., concentrations, solvent, etc.) and the ligand structure including
the chain length, bulkiness of terminal group, charge, etc. 5labd In addition, some thiols
used as capping ligands during synthesis are not soluble in agqueous medium and thus
limit the solubility of the nanoparticles when ligand exchange with water-soluble thiols is
not complete.

As mentioned earlier, the AuNPs in this study are stabilized in water by amine groups
on the backbone of the PAAm. The ligand-exchange reaction of these amines with
stronger surfactants such as thiolated ligands could be very beneficial to achieve
controlled functionalization of the AuNPs. For example, complete displacement of the
amine ligands by thiol ligands will lead to nanoparticles functionalized with a single type
of ligand. In addition, a mixed ligand shell could be produced by using a mixed solution
of thiols during the ligand exchange process. It is expected that the ligand composition

would be dependent upon the specific ligands used and the reaction conditions. However,
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the relationship between the reaction parameters and resulting ligand composition could
be elucidated through experiments and applied to achieve compositional control. For this
purpose, the versatility of the synthetic process using PAAmM as both a reducing and a
stabilizing agent was further investigated through ligand-exchange studies. Different ro-
functionalized alkylthiols including 16- mercaptohexadecanoic acid (MHA), 11-
mercapto-1-undecanol (MUOH), 2-mercaptoethylamine (MEA), and biotinylated
alkylthiol were used for ligand-exchange reactions with the polymer-stabilized gold
nanoparticles for this study according to Scheme 5.2.

Briefly, in the ligand-exchange process, 5 mL of AuNP solution (PAAm, 0.04 M) was
reacted with 1 mM ethanolic solution of the thiol for 4 h with stirring at room
temperature. The reaction mixture was monitored by UV-visible absorption spectroscopy
and the absorption maxima (V a) varied from 524 - 529 nm depending on the ligand used
(see the Appendix). For each solution, one drop of the crude product was deposited on a

TEM grid to determine the morphology of the particles in the presence of different

RSH

PAAm-Stabilized
Gold Nanoparticles

SR=-S"K LOOH SR=-S"*""*"0OH

H - .
Biotin

Scheme 5.2. Representation of ligand-exchange study of the polymer-stabilized AuNPs
with different thiolated ligands
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ligands. Figure 5.3 presents representative TEM images of the AuNPs after exchange
with different ligands. Table 5.2 includes a comparison of the UV-visible absorption
maxima and size of the AuNPs after the ligand-exchange reactions using different
ligands. Particle size analysis presented in Table 5.2 shows that that after the ligand
exchange the capped nanoparticles are larger in size compared to the original polymer-
stabilized AuNPs. For example, prior to ligand exhange the average particle size was 1.7
+ 0.6 nm for the PAAm-stabilized AuNPs. After ligand exchange with MHA, the average

particle size increased to 2.4 + 0.8 nm. One reason for the formation of larger AuNPs in

(B)

140 nm

(D)

Figure 5.3. TEM images of the different thiolated ligand-stabilized gold nanoparticles.
(A) MHA, (B) MUOH, (C) MHA, and (D) biotin-terminated alkylthiol.
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Table 5.2. Comparison of UV-visible absorption maxima and the particle size of the gold
nanoparticles in the presence of different ligand environments.a

Gold-Sols  UV-visible. Abs. Maxima Particle Sizeb

("mex-nm) (nm)
Au-PAAmM 521 1.7 (0.6)
Au-MHA 527 2.4 (0.8)
Au-MUOH 525 2.9 (0.8)
Au-MEA 521 2.7 (0.8)
Au-Biotin 526 31(11)

an each case, 200 particles were counted to determine the size and the size dispersion.
bThe number in parenthesis indicates the standard deviation.

the presence of thiolated ligands could be that the strong thiolated ligand replaces the
polymer molecules from the nanoparticle surface and during this dynamic exchange
process, small nanoclusters aggregate to form comparatively larger particles.

FTIR spectroscopy was used to investigate the ligand-exchange reaction process in
more detail. The IR transmission spectra of PAAm, PAAm-stablilized AuNPs, MHA, and
AUNPs capped with MHA are shown in Figure 5.4. The absorption feature at 3304 cm-1
in Figure 5.4a is due to the N-H stretching band® of the amine groups, which is not
observed in the polymer-AuNPs composite indicating the coordination of amine groups
with the nanoparticles.5340 In the polymer-AuNPs, new strong peaks appearing at 3044
cm-1 and 3134 cm-1 are assigned to the symmetric NH3+ stretching bands, and 1608 cm-1
and 1509 cm-1 are attributed to the asymmetric and symmetric NH 3+ deformation,
respectively.%4 The formation of NH3+is expected from the acidic condition of the final
solution. One of the CH2 stretching bands® of the polymer-AuNPs appears around 2930
cm-1 as a shoulder. A sharp strong band of CH bending® at 1404 cm-l1 is characteristic of

PAAmM-AuUNPs composites. Pure MHA shows the asymmetric and symmetric CH
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Figure 5.4. FTIR spectra of (a) pure PAAmM, (b) PAAm-AuNPs composite, (c) pure MHA,
and (d) MHA ligand exchange AuNPs.

stretching3557 at 2917 cm-1 and 2849 cm-1, respectively, and the peak at 1693 cm-1is the
CO stretching band of carboxylic acid.% A number of vibrational bands of pure MHA
after the ligand exchange disappeared, but a new peak at 1466 cm-1is assigned to the CH2
scissoring mode, which is close to reported value at 1460 cm-1 of the MHA SAMs (self-
assembled monolayers) on gold film.3 Noticeably, the CS stretching band of MHAD®
shifts from 716 cm-1to 719 cm-1 due to incorporation into new surface environments of
AuNPs. The absorption band at 3380 cm-1in both the Figure 5.4b and d could be due to

the presence of trace water in the samples.

5.3.3 Synthesis and ligand-exchange study of silver nanoparticles
Silver nanoparticles (AgNPs) are useful candidates for different applications such as
sensors,® catalysts,6l SERS substrates,& and also in biotechnology.63 Under similar

reaction conditions, the synthesis of AgNPs using PAAm as a reducing and stabilizing
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agent was also investigated. The reduction process was slow, taking almost 24 h to reach
a stable absorption maximum in the UV-visible spectra collected at different time points
during the synthesis. After 24 h, the product AgNP solution was yellow and exhibited an
intense absorption peak, V ax at ~405 nm, as shown in Figure 5.5A. We centrifuged the
solution and deposited one drop of supernatant on a TEM grid for morphological
analysis. A representative TEM image of the AgNPs is shown in Figure 5.5B. TEM
analysis confirmed the formation of nanoparticles with an average diameter of 4.4 £ 0.9
nm.

The place-exchange reactions of the polymer-stabilized AgNPs also were investigated
using previously mentioned ro-functionalized alkylthiols. In case of silver nanoparticles,
we used the same protocol as described for the PAAm-stabilized AuNPs. The different
ligand-stabilized AgNPs were analyzed by UV-visible absorption spectroscopy (see the
Appendix). We haven’t observed any substantial changes in the absorption maxima in the

UV-visible absorption spectra. TEM analysis showed that the sizes of the thiol-stabilized

(A) (B)

Wavelength (nm)

Figure 5.5. UV-visible absorption spectra (A), and a representative TEM image (B) of the
synthesized AgNPs using PAAmM.
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silver particles were different compared to polymer-stabilized AgNPs (see the Appendix).

A detailed ligand-exchange study is underway.

5.4 Conclusion

In conclusion, we have reported a facile, aqueous-phase, single-step synthesis of gold
nanoparticles using poly(allylamine) as a reducing agent. The polymer acted both as a
reducing as well as a stabilizing agent and the synthetic process required no additional
stabilizer. The particle size can be controlled by varying the concentration of PAAm. The
synthesized polymer-encapsulated gold nanoparticles showed remarkable stability in
water. The polymer-stabilized gold nanoparticles underwent ligand exchange with a
variety of ra-functionalized acid-, alcohol-, amine-, and biotin-terminated alkylthiols. The
methodology was also successfully applied for the synthesis and functionalization of

stable silver nanoparticles.
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5.5 Appendix: Polymer-induced synthesis of stable gold and silver

nanoparticles and subsequent ligand exchange in water

N BSO DFOoA F w

Wavelength (nm)

Figure 5.6. Stability of PAAm-stabilized gold nanoparticles.

Wavelength (nm)

Figure 5.7. UV-visible absorption spectra of AuNPs synthesized using different PAAmM
concentrations.
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Figure 5.8 UV-visible absorption spectroscopy comparison of gold nanoparticles in
different ligand environments.
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Figure 5.9. UV-visible absorption spectroscopy comparison of silver nanoparticles in
different ligand environments.
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Figure 5.10. TEM images of silver nanoparticles stabilized by (A) MHA-, (B) MUOH-,
(C) MEA-, and (D) biotin-terminated alkylthiols. Scale bars are 140 nm.
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Table 5.3. Comparison of UV-visible absorption maxima and particle sizes of silver
nanoparticles in different ligand environments.

Silver-Sols UV-Vis. Abs. Particle Size

Maxima(Xmax)
(nm) (nm)
Ag-PAAM 405 4.4 (0.9)
Ag-MHA 410 4.6 (1.2)
Ag-MUOH 407 3.1 (0.9)
Ag-MEA 407 4.9 (1.5)

Ag-Biotin 411 4.5 (1.0)
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CHAPTER 6

CONCLUDING REMARKS

6.1 Conclusions and perspectives on future research

The focus of the research in this dissertation was to investigate the interfacial
chemical and physical properties and surface modification of citrate-stabilized gold
nanoparticles (AuNPs) as well as to develop the syntheses and ligand-exchange of
poly(allylamine)-stabilized AuNPs and silver nanoparticles (AgNPs). Surface chemistry
governs the chemical phenomena of the metal NPs, and the physical properties of NPs
including surface enhanced Raman scattering (SERS) can be significantly influenced by
interface-related factors such as thickness of organic layers and interparticle spacing. In
most nanoparticle-based research, however, the organic/metal interface has been
neglected or oversimplified while the focus has been on the utilization of the metal NPs
for various applications such as sensing and biological/medical imaging.

Citrate-stabilized AuNPs and AgNPs have been extensively used for nanoparticle-
based studies after the development of control of the metal-core size of the NPs by the
citrate reduction method. However, the citrate layers on the surface of the NPs have not
been well-characterized. The nanometer-sized materials (typically, 10 - 100 nm for
citrate-stabilized AuUNPs) pose a particular challenge for the characterization of
coordinated organic layers on the surface. Scanning tunneling microscopy (STM), the

most accessible technique to characterize the molecular topology on a planar surface,
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cannot routinely provide a molecular image on metal NP surfaces due to the surface
curvature. 1X-ray crystallographic analysis is not ac?:essible because of the non-uniform
sizes of the prepared NPs and negligible contribution from organic molecules on the NP
surface to X-ray diffraction. Nuclear magnetic resonance (NMR) is not sensitive to
investigate surface organic layers on the relatively large size of metal NPs due to low
concentration of the organic molecules. A single analytical technique may not be possible
to provide a detailed picture of an entire structure of an organic layer on metal NPs with a
size range of around 10 - 100 nm.

A variety of analytical methods for studying the citrate layer were used in this
dissertation research. Those methods include Fourier transform-Infrared (FT-IR), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), STM, and
simulation. Vibrational spectroscopy is still powerful for studying the structure of organic
molecules adsorbed on surfaces. A fingerprinting vibrational frequency from coordinated
functional groups of molecules adsorbed on metal NPs correlates with a structure of
individual adsorbates, such as small organic ligands including citrate molecules.
Attenuated total internal reflectance (ATR) FT-IR and transmission FT-IR were used to
characterize the coordination of carboxylate and hydroxyl groups of adsorbed citrate
species. In order to probe coordination of the functional groups on the surface, excess
citrate layers on citrate-stabilized AuNPs (39 nm + 20% in diameter) were removed by
purifying the NPs with NaOH solution. The OH- solution interrupts possible
intermolecular interactions, i.e., hydrogen bonding, between carboxylic acid groups of
surface citrate/citric acid molecules. IR data of NPs purified with D20/NaOD provided
additional information of COOH/OH coordination due to a shift of related vibrational

frequencies resulting from H/D exchange. In addition, the C1s binding energy of citrate
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molecules was measured by XPS, and the coordination of COOH groups were found to
be consistent with the IR data.

From the IR and XPS analyses of the purified citrate-stabilized AuNPs, the
conformation of adsorbed citrate species was proposed. Citrate molecules are adsorbed
on the AuNP surface through n -COO- coordination of the central carboxylate group and
V-COO- coordination of one terminal carboxylate group with both the other terminal
carboxylate group and the hydroxyl group uncoordinated. The proposed citrate
conformation is similar to that proposed on AgNPs by Smith and co-workers, and the
bidentate coordination through the central and one of the terminal carboxylate groups of
citrate on a Ag(111) surface was demonstrated by Yin and co-workers.4Nichols and co-
workers proposed a different conformation of citrate molecules adsorbed on planar gold
surfaces based on IR analysis, which only one type of COO- stretching vibration through
n -COO- coordination was claimed to be present and thus all three COO- groups of citrate
bind to the surface through tridentate coordination.5Although the reported IR data are
consistent with IR data in this study, an indication of other stretching vibrations of COO-
groups was neglected. The proposed structure of citrate molecules directly adsorbed on
AUNPs is consistent with data provided by others and in this study.

IR data in this study also indicated the presence of additional citrate layers. Original
citrate layers were preserved during NP purification steps through partial
functionalization of NPs with about 1/2 stoichiometric amounts of methyl-terminated
alkanethiols relative to a monolayer coverage on the AuNP surfaces. The alkanethiol
layer prevents the NPs from irreversibly aggregating during centrifugation steps that are
necessary to purify citrate-stabilized AuNPs. IR data showed the characteristic

frequencies of hydrogen bonds between carboxylic acid groups and another asymmetric
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stretching vibration of the central carboxylate group. Those imply the spectral feature of
dangling citrate species interacting with the adsorbed species by hydrogen bonds between
the terminal carboxylic acid groups, which resulted in units of citrate trimers consisting
of one dangling and two adsorbed citrate molecules. Intermolecular interactions of the
dangling citrate with two adsorbed citrate molecules (~28 kcal/mol for two hydrogen-
bonded COOH-dimers) prevail over the metal-carboxylate interaction (~2 kcal/mol for
Au-COO- interaction), which strongly suggests a long-range ordered layer of citrate
molecules on the surface of AUNPs.

TEM and STM images of citrate layers in literature were adapted and analyzed
further to investigate a specific orientation of the adsorbed and dangling citrate species. A
double-layer of citrate molecules on AuNPs was imaged by atomic-resolution TEM
imaging and the layer spacing was measured to be 3.0 - 3.5 A,6which is shorter than the
allowed distance between one of the smallest organic molecules (i.e., methane) due to
van der Waals repulsion (4.0 A). The short layer spacing indicates there must be a unique
orientation between dangling and adsorbed citrate molecules, which the COOH plane of
hydrogen-bonding between the terminal carboxylic acid groups is oriented at an angle of
about 250 form surface. The direction of hydrogen bonded carboxylic acid groups led to
determination of a specific conformation of citrate that fit the pattern of citrate adsorption
on a Au(111) surface as imaged by STM. Interestingly, only one type of enantiomer is
consistent with the STM image of citrate molecules, which may suggest chirality of the
adsorbed citrate molecules. Dangling citrate molecules should be stretched out to interact
with adjacent adsorbed citrate molecules. As a result, the orientation and geometry of the
citrate trimer on a Au(111) surface have been determined, which is consistent with both

TEM and STM images of citrate layers on gold surfaces.
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With the citrate trimers as building blocks, adsorption patterns were simulated on the
Au(111) surface. This simulation is based on the geometry and position of coordinated
carboxylate groups as well as the orientation of the terminal carboxylic acid groups, and
it is not an outcome from energy optimization by computation. The geometry-based
simulation can still provide an optimized pattern of citrate adsorption since coordination
of carboxylate groups on a gold surface is governed by relative positions of polarizable
oxygen atoms with respect to the bridged sites on the metal surface exhibiting high
potential wells, rather than by specific surface chemistry. " In addition, it was
demonstrated that intermolecular interactions are much stronger than the Au-carboxylate
interaction for citrate adsorption on the gold surface. Thus, the geometry-based
simulation without energy optimization is feasible to investigate the citrate adsorption on
the gold surface.

The simulation results of the citrate adsorption on Au(111) indicate that the terminal
carboxylic groups of adjacent adsorbed citrates can be hydrogen-bonded (distance: 7.0 A)
while the other terminal carboxylic groups are hydrogen-bonded with dangling citrate
species. Only the central carboxylate groups of citrate molecules, which exhibit the
lowest pKa,9 seem to be initially coordinated to the AuNP surface. This hydrogen-bonded
network produces polymeric citrate chains, which further interact each other through van
der Waals attraction between the CH2 moieties (distance: 5.5 A). Through the same
intermolecular interactions as the AuNP (111) surface, the self-assembled layer of the
polymeric citrate chains also are possible on AuNP (110) and (100) surfaces, which are
the most populated facets in the truncated octahedron10of large sized AuNPs (> 10 nm in
diameter) along with the (111) surface. Atomic force microscopy (AFM) force

measurements for citrate layers between a AuUNP and a planar gold substrate suggested a
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hydrogen-bonded network consisting of dihydrogen citrate molecules (H2Citrate-).11 The
surface coverage of adsorbed citrate species without the dangling citrate molecules is
1.86 x 10-’mol/cm?®. The conformation of citrate molecules adsorbed on AuNPs is well-
organized, rather than forming an amorphous structure.  The citrate configuration shows
a bi-layer formation, as opposed to the hypothesized multilayer, ™ and the estimated layer
thickness is 6.0 - 6.5 A.

Attention has been given to the metal core size and the role of citrate as reducing
agent in syntheses and studies of citrate-stabilized AuNPs whereas the size and shape of
formed particles have not been correlated with the entire citrate layer. The self-assembled
layer of citrate adsorbed on AuNP surfaces is not only the first example of a proposed
conformation of the organic layer on citrate-stabilized AuNPs at a molecular level, but
also a possible breakthrough for investigating the stabilizing role of the citrate layer in
NP-based studies including particle growth mechanisms. For example, the configuration
of the polymeric citrate network on (111), (110), and (100) surfaces of AuNPs can be
incorporated to understand NP growth mechanisms and the formation of isotropic shapes.
The distance of the hydrogen bond between two adjacent adsorbed citrates is close to the
ideal value on the (111) and (100) surfaces, but not on the (110) surface. The size match
between the polymeric citrate chain and the metal surface may be a key factor for NP-
stabilizing role of citrate molecules and related to development of particular NP shapes. It
also was found that the molecular dimension of the polymeric citrate chains are
commensurate on surfaces of silver, platinum, and palladium NPs that are stabilized by
citrate molecules, but not for copper NPs. The networked citrate layer cannot shrink
enough to be commensurate on the surface of copper nanoparticles, which is consistent

with the instabilityl4 of copper NPs prepared using the citrate reduction method. The



268

approach to characterize the citrate layer on AuNPs in this research can be employed for
other metal NPs, and this experimental evidence would suggest the conformation and
stabilizing role of citrate molecules adsorbed on those metal NPs.

In addition, the chirality of the citrate layer on AuNPs may impact NP-based research.
Only the R enantiomer of the adsorbed citrate species was observed on a Au(111) surface
in this study. Each NP facet of the AuNPs is stabilized with only one type of citrate
enantiomer. Experimental evidence of a chiral citrate layer on AuNPs may be provided
using circular dichroism (CD) spectroscopy. In situ CD evaluation may be required to
measure small-sized AuNPs at the nucleation period during the NP formation.15However,
the citrate reduction method may intrinsically lead to a mixture of R- and S-enantiomeric
citrate-AuNPs, and the possibility of a mixture of R- and S-citrate layers on individual
AuNPs cannot be excluded. Computational simulation for small gold clusterslé might
predict the chiral adsorption of citrate molecules if the chirality of the organic layer was a
consequence of the metal core.

More investigation is needed to probe the orientation of the central carboxylic acid
group of the dangling citrate molecules. This would also provide the orientation of the
hydroxyl group at the center position of citrate molecules. Interestingly, the achiral
dangling citrate species interacts with chiral adsorbed species in the entire citrate layer. In
addition, the orientation of the central carboxylic acid groups may play a critical role in
interparticle interactions of citrate-AuNPs, because the central COOH groups are located
at the very outer layer of the AuNPs. The optimized orientation for hydrogen bonding
between the central COOH groups would make it possible for them to cooperatively
interact on the surfaces of the AuNPs. However, to probe the orientation of the central

COOH groups would be very challenging due to lack of known interactions with surface
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ions such as CI- and/or Na+. The central COOH groups of dangling citrate may be
randomly oriented.

It should be noted, however, that IR data in this study provided direct evidence only
for the citrate coordination, the presence of dangling citrate species and hydrogen-bonded
carboxylic acid groups. Without the STM image of citrate organization on a planar
Au(111) and the TEM image of the citrate layers on AuNPs, it would not possible to
propose the conformation of the citrate layer. In addition, citrate adsorption on Au(100)
and (110) surfaces needs to be demonstrated experimentally, possibly by STM
experiments. Specific unit cell parameters of the citrate self-assembly for those surfaces
were predicted in this study, which are different from that on a (111) surface.
Nevertheless, this study suggested the driving forces of the intermolecular interactions
are much stronger than the metal-carboxylate interaction, governing the citrate adsorption
on AuNP surfaces.

Investigation of citrate desorption from AuNP surfaces demonstrated the importance
of studying the organic/metal interface for metal NPs. While complete desorption of
surface citrates from gold surfaces by addition of thiol molecules has been assumed,
experimental evidence of desorption of citrate molecules adsorbed directly on the metal
surfaces has not been reported. In most studies, a decrease in the negative-charge of
citrate-stabilized AuNPs and subsequent NP aggregation in solution have been used as
evidence for desorption of negatively-charged citrate molecules. "’ This assumption is
based on the formation of strong Au-S bond (~40 kcal/mol)lscompared to the relatively
weak Au-carboxylate interaction (~2 kcal/mol).19However, intermolecular interactions
between surface citrate molecules, the possibility of thiol-coadsorption, and the

contribution of surface chloride ions to the negative-charge of the AuNPs are generally
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neglected. From the study of the citrate conformation on AuNPs, it was demonstrated that
the intermolecular interactions between citrate molecules, rather than the metal-molecule
interaction, govern the adsorption of citrate on the metal surface. Also, the presence of
dangling citrate species interacting with adsorbed species was demonstrated. Neither the
detection of certain amounts of desorbed citrates nor the observation of NP aggregation
can be conclusive evidence for citrate desorption from AuNPs. Quantitative analyses
based on direct spectroscopic signals from adsorbed citrate need to be provided in the
citrate-to-thiol exchange reaction.

The adsorbed citrate has characteristic IR and XPS signals due to coordination of
carboxylate groups to Au surfaces. The asymmetric stretching vibration of V-COO-
coordination at 1611 cm-land the C 1s binding energy of Au-COO- coordination at ~288
eV were used as spectroscopic evidence of residual citrate molecules. Other
spectroscopic signals include enhanced IR peaks of citrate that appeared under high pH
conditions (pH > 11), probably by coordination of all carboxylate groups to the AuNP
surface, as well as hydrogen-bonded carboxylic acid groups appeared at ~1700 and
~1734 cm-l as an additional indication. Those three types of characteristic spectral
features of adsorbed citrate species and the IR peak of the COOH hydrogen bonds
indicative of citrate interactions on AuNPs still were observed after addition of excess
amounts of ro-terminated alkanethiols and arylthiols to the AuNP solution. The presence
of residual citrate molecules is consistent regardless of the type and functionality of
added thiol molecules as well as degree of NP aggregation in solution, elevated
temperature, and prolonged reaction time (40 oC/3 days). Instead, complete desorption of
surface chloride ions was observed due to disappearance of Cl 2s and 2p peaks in XPS

spectra after addition of ethanolic alkanethiol solution. This result indicates that the
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surface charge drop of citrate-AuNPs, which induces NP aggregation, originates in part
from desorption of chloride ions, rather than citrate molecules. In addition, observations
from the behavior of NP aggregation in ethanol itself and other thiol solutions indicate
that van der Waals attraction between the coadsorbed thiol layers significantly affects the
NP aggregation. It was demonstrated that citrate molecules cannot be desorbed
completely from AuNPs after addition of thiol.

Semi-quantitative analyses of thiol adsorption on citrate-AuNPs were performed by
adsorption isotherm studies using intensities of IR peaks from various types of thiol
molecules. The intensities of the IR peaks from thiols were saturated prior to a monolayer
coverage on the AuNP surface. This indicates the presence of pre-adsorbed organic
species, i.e., citrate. When alkanethiol was added to the AuNPs, a cooperative feature of
the development of C-H stretching vibrations was observed. The characteristic C-H
stretching vibrations at 2917/2850 cm-1 are indicative of the ordering between the
hydrocarbon chains. This unique adsorption behavior of alkanethiols was correlated with
phase-separated citrate/thiol layers in nanometer-scale domains. A certain number of
alkanethiol molecules is required for the thiol organization and chemisorption in the
domain on the AuNP surface.

XPS analysis was used for quantitative investigation of surface coverage by citrate
and thiol molecules. The ratio of the peak areas from S2YAu4f was measured after the
varied amounts of mercaptopyridine were added to citrate-AuNPs. The plot of S2YAu4f as
a function of added amounts of the thiol shows saturation of thiol adsorption prior to 5/6-
monolayer coverage. Furthermore, a new XPS analysis method was developed to
determine the amount ratio between surface citrates and adsorbed alkanethiols. Since

XPS signals from surface citrate are very weak, experimental determination of the
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surface coverage from a single type of thiol-functionalized AuNPs possesses significant
experimental error. This issue was circumvented by use of varied hydrocarbon lengths of
methyl-terminated alkanethiols that were adsorbed on each sample of citrate-AuNPs. The
signal response from alkanethiolate under the incremented hydrocarbon lengths
represents the ratio of surface coverage between citrate and alkanethiol molecules. The
area ratio between the C 1s of Au-COO at 288 eV and the C 1s of the hydrocarbon at
284.8 eV (Clsthid/Clsatrae) was plotted as a function of the hydrocarbon length. The
slope of the plot was found to be 1.7, which is the ratio of the surface coverage between
citrate and alkanethiol on AuNP surfaces (citrate:alkanethiol = 1:1.7). The resulting
density of alkanethiol on the AuNP surface is 1.9 thiols/nm , and this value is in good
agreement with the thiol density on citrate-AuNPs determined by the fluorescamine-
based assay (1.63 thiols/nm?®).”° The surface coverage of alkanethiol on the AuNP surface
found in this study is much less than that of the close-packed SAM of alkanethiols (4.5
alkanethiols/nm?) # on a planar gold surface (~42%). Interestingly, the measured
alkanethiol density on AuNPs is consistent with thiol coadsorption model on gold
surfaces in this study without loss of adsorbed citrate molecules. Only half of dangling
citrate species seems to be detached from AuNP surfaces. Therefore, it can be concluded
that most of surface citrate molecules are not desorbed from AuNPs after addition of
thiols.

The main origin of the stable adsorption of surface citrate is the intermolecular
interaction of hydrogen bonds between carboxylic acid groups. The bond energy per a
pair of the carboxylic acid dimers is ~14 kcal/mol.? This is much stronger than the
metal-molecule interaction (~2 kcal/mol for Au-COQ). There is also van der Waals

attraction between the CH2 fragments (1.4 - 1.8 kcal/mol for CH2—CH2).23 Overall
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enthalpy and additional entropy gain from the robust network of the citrate layer is
expected to overcome the strength of the Au-S bond (~40 kcal/mol). The steric hindrance
from the network of the citrate layer and the chelating effect from bidendate citrate
coordination are of secondary importance. The strong adsorption of the surface citrate
can also have a negative effect on the chemisorption state of adsorbed thiols. Thiol
molecules should be adsorbed initially on void areas in between the citrate network on
the surfaces of AUNPs where the surface coverage by adsorbed citrate is only ~30%, but
the intermolecular interaction between the restricted numbers of thiol molecule (3 - 8
molecules) may not be favorable enough for the initial physisorbed state to transform to
the stable chemisorbed state. The environment of the formation of thiol-layer on citrate-
AuNPs is quite different from a bare gold surface.

The IR data indicated the formation of the phase-separated adsorption of
alkanethiolates on the surface of AuNPs. This unique adsorption of alkanethiolates was
interpreted using the model of the self-assembled layer of citrate adsorbed on the
Au(111) surface. STM investigation on a planar gold surface would provide supporting
evidence of the coadsorption of alkanethiolates on gold surfaces where citrate molecules
are pre-adsorbed. Expected results from the STM study are the image of phase-separated
domains at a nanometer scale, the number of alkanethiolate molecules at each domain,
and the population of dangling citrate molecules remained on the surface after addition of
alkanethiols. These STM results could be compared with the model of the
alkanethiolate/citrate coadsorption and also verify that citrate molecules on the gold
surface are not displaced by thiol molecules.

The coadsorption of thiol molecules on citrate-AuNPs was demonstrated using IR and

XPS analyses in this dissertation research. The similar experiments done for the AuNPs
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can be performed for other citrate-stabilized metal NPs such as silver, platinum, and
palladium NPs. Since the conformation of the citrate layer seems to be identical for all of
the citrate-stabilized metal NPs, similar experimental results are expected for those NPs.
Citrate molecules may not be displaced by thiol molecules, and coadsorption of thiolates
on citrate-stabilized metal NPs would be likely dominant after addition of thiol molecules
to the NP solution. However, the distance of the COOH hydrogen bond between two
adjacent adsorbed citrates deviates from the ideal value for the surfaces of other metal
NPs, which may reduce the strength of the hydrogen bonds. Under this condition, the
entire citrate layer might be displaced by thiol molecules. The palladium NPs could be
influenced by this effect since the atomic spacing of a Pd(111) surface is relatively
smaller than the distance between the adjacent COOH groups. The extent of a
displacement of citrate molecules on those metal NPs also can support the proposed
conformation of the citrate layer on citrate-stabilized metal NPs.

The strong resistance of surface citrate on the AuNP surface under the addition of
thiols was demonstrated. This suggests a challenge for the thiol-based organic layer on
the surface of metal NPs. The assumption of the spontaneous desorption of coordinated
carboxylate groups is spread across the surface and nano-science, and there have been
abundant examples reported in literature based on the complete desorption of citrate
molecules under the thiol treatment. The effects of the residual citrates can significantly
modify or improve interpretations of experimental data when citrate-AuNPs are used as
materials in the course of studies. The carboxylic and hydroxyl groups of residual citrate
can affect pH in the NP-containing media and coupling reactions carried out on the outer
organic layer on NPs because the functional groups, surface charge of NPs, and density

of the organic layer on NPs should be considered. The residual citrate on AuNPs may
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significantly influence the inter- or intracellular activity of the NPs. The other possible
impact on surface science is that carboxylate-based organic layers may be superior to the
popular thiol-based layer. One of the main reasons for the popularity of thiol molecules is
the spontaneous adsorption on metal surfaces. However, the thiol-layer is destroyed in a
short period of time (< 6 months) due to the breakage of the metal-thiolate bond via
oxidation of thiol to sulfate. Note that since 1990’s extensive research related to thiol
molecules have been done due to the consideration of the robust thiol-layer formation on
meal surfaces. Manipulation of intermolecular interactions between adsorbed molecules
can be more important than the strength of metal-organic bonds. This study suggests the
functionalization of the carboxylate-based layer on metal surfaces as an alternative
approach for surface modification due to the cost-effective and oxidation-free
functionality of carboxylate molecules.

A regional functionalization for metal NPs is a challenge for use of the resultant
asymmetric particles (Janus particles) in NP assembly. The asymmetric functionalization
of AuNPs has attracted a particular interest due to a localized surface plasmon (LSPR).
Interparticle coupling of the localized surface plasmon resonance provides interesting
optical phenomena from NP assemblies rather than isolated single NPs. It is well-known
that the junction of a NP assembly is a hot-spot where a large enhancement of
electromagnetic field (EM) occurs. While the asymmetrically-functionalized metal NPs
have been used for NP assembly, the orientation of the individual asymmetric-NP in an
assembly has not been investigated. * Similar NP assemblies can produce different
optical responses due to possibly different orientations of asymmetric NPs. For example,
surface enhanced Raman scattering (SERS) enhancement is highly dependent on the

location of the adsorbed Raman probes with respect to the hot spot. The placement of
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Raman probes at hot spots gives the largest SERS enhancement. Determination of the
orientation of asymmetric NPs leads to accurate analyses for optical studies related to NP
assembly.

The orientation of asymmetric functionalized AuNPs (diameter of individual NPs: ~
39 nm = 20%) and the location of Raman probes (4-nitrobenzenethol) were correlated
with SERS intensity. The main goal of this study was to place the Raman probes
exclusively at the junctions of AuNP dimers fabricated through the asymmetric
functionalization approach,? while achieving higher yields of the dimer formation.
Positively-charged HS-C11-NH3+ was used to functionalize first the bulk of the AuNP
surface (~90%) except the spatially localized region (~10%) where both hydroxyl-
terminated alkanethiol linkers and the Raman probes were adsorbed later on AuNPs. The
linkers induce the hydrogen bonds between the hydroxyl groups, leading to the attraction
of the asymmetric NPs into formation of dimers. During this dimer formation, added
Raman probe thiols are also adsorbed specifically in the spatially localized region.
Samples of AuUNP dimers were prepared on common glass slides and used to obtain SEM
images of NP morphologies and SERS intensities. The resultant yield of the dimer
formation is 12 - 31 % depending on the amount ratio between the linker and the Raman
probe, and dimers are the most populated assemblies (> 70%) through all samples.

A linear relationship between the dimer yield and SERS intensity was found. This
empirical result indicates the SERS intensity is linearly dependent on the population of
hot-spots, which demonstrated the SERS enhancement originates from the hot-spots of
the AuNP dimers. The dependence of standard deviations on the absolute number of
dimers also suggests the origin of the SERS enhancement from dimers. The standard

deviation of SERS measurements is larger than that of SEM measurements due to the
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small beam size of the laser on a Raman instrument. The SERS intensities were further
compared with AuNP-dimer samples that were prepared with a change of the linker
length as well as removal of the linker. The resulting dependence of SERS on the nature
of linker is consistent with the hypothesis that the linkers induce the formation of AuNPs
through the spatially localized regions. Linkers create the aligned configuration of the
asymmetric NPs with the adsorbed Raman probes located at the junction of dimers.
Without linker, asymmetric NPs are randomly oriented in formed dimers. As a result, the
orientation of the asymmetric AuNPs and the location of the Raman probe were
characterized with respect to the junction of the AuNP dimer using SERS.

Since the SERS enhancement is a function of the interparticle spacing, and we
characterized the interface of the junction of the AuUNP dimer. The gap spacing
determined from our TEM analysis is 3.0 £ 0.1 nm, and this value is in excellent
agreement with our calculation for hydrogen-bonded linkers, HS-C11-OH (3.3 nm). The
determined SERS enhancement factor for the AUNP dimer is 106, based on the monolayer
coverage by the Raman probe (NBT) on the spatially localized region (~2000 molecules
per hot spot) and the interparticle spacing of 3.3 nm. This is smaller by two orders of
magnitude for single-molecule detection.” The well-defined interface on AuNPs suggests
the asymmetric functionalization approach can be used as a platform for SM-SERS
studies.

It should be mentioned that the SERS analysis relied on AuNP dimers with a narrow
range of yield (within 19%). A higher yield of the dimer formation than 31 % could not
be achieved with the method of dimer preparation in this study. Another approach for
AUNP dimer formation, such as the covalent-bond linkage rather than the hydrogen bond,

can produce higher yields, but the experimental condition of the coupling reaction may
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reduce the adsorption of adjacent Raman probe molecules. In addition, the linearity
between SERS and hot-spot population deviates when the amounts of Raman probes are
corrected based on concentrations in solution. However, solution concentrations may not
reflect those on the NP surface, and the surface coverage by the Raman probe may be
constant through samples. Also, the orientation change of the adsorbed Raman probes
may occur and affect the SERS intensities.

Achievement of high yields of the dimer formation would provide high quality data
utilizing the asymmetric AuNPs. Manipulation of the molecular interaction between
linker molecules, which bring two asymmetric NPs together for dimer formation, is the
key factor to obtain high dimer yields. Thiolated DNA molecules are good candidates for
linkers, because the cooperative hydrogen bonds of DNA molecules are very strong. The
interparticle spacing of dimers can be controlled by the length of DNA. The other
approach to obtain more dimers is to purify dimers from single NPs and other types of
NP assembly through a separation process using microfluidic devices. The microfluidic
separation approach mainly relies on the sizes of NPs and the size-dependent surface
charge. However, the nonuniform sizes of citrate-AuNPs used in the asymmetric
functionalization approach would hamper the separation of dimers from single NPs since
the size of dimers can be comparable to large single NPs. Using NPs with uniform sizes
may be required in the microfluidic separation. Other NP-synthesis methods and other
kinds/shapes of metal NPs would be helpful not only to obtain mono-dispersed NPs but
alto to extend the asymmetric functionalization approach into formations of bimetallic
hybrid dimers such as Au-Ag dimers.

One of the future research directions is a polarization-dependent study at the hot-spot

interface. Single-particle investigation would be a direct method for it, but ensemble
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measurements in regular arrays of organized dimers would be more effective since
signals from a single dimer are very weak. A solution of NP dimers could be spread on a
nanopatterned template where NP dimers can be placed in a regular direction, which
generates arrays of regularly oriented dimers.2 The polarization-dependent study would
lead to the correlation of hot-spot-generating SERS with possible changes of molecular
orientations at the metal surface. Those experimental results could be correlated with
well-defined interfacial factors such as molecular orientations and positions in the hot
spot as well as interparticle spacing at a single molecular level, which can be controlled
by the asymmetric functionalization approach.

Lastly, the syntheses of smaller sizes of Au- and AgNPs (< 5nm in diameter) rather
than the common citrate-stabilized Au- and AgNPs were achieved in water. The synthesis
of metal NPs in aqueous media is important due to absence of organic solvent and
resultant accessibility for biological applications. In this study, poly(allylamine) both
reduces gold ions for NP formation and stabilizes the formed AuNPs with particle
dispersion in the polymer. The assemblies of the polymer-AuNPs can be controlled by
changing the solution pH.?" This synthetic approach was also applied to the synthesis of
AgNPs. The amine-to-thiol ligand exchange on the metal NPs was demonstrated by IR
and TEM analyses. IR data indicate the adsorption of thiols on the metal NPs. The TEM
analysis for the ligand-exchange relied on the change of the particle sizes after addition of
thiols to the polymer-metal NPs, but this is indirect evidence. For a quantitative approach
to provide convincing evidence of the complete amine-to-thiol exchange, future studies
should employ IR spectroscopy to verify the absence of residual polymers on the surfaces
of metal NPs, and XPS may provide conclusive information for the extent of the ligand

exchange.
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This dissertation research is an example of importance of detailed surface
characterization for metal NPs. Molecular adsorption and desorption at the metal/organic
interface have been mainly investigated for citrate-stabilized Au- and AgNPs as well as
poly(allylamine)-stabilized Au- and AgNPs. This study focuses on the conformation of
surface citrate, the interaction of surface citrate with incoming thiol molecules, the
orientation of asymmetric AuNPs in dimers, and the syntheses and interactions of
poly(allylamine)-functionalized Au- and AgNPs in water. The quantitative IR and XPS
methods made it possible to study the molecular adsorption on metal NPs, which revealed
the neglected aspects of nanoparticle-based research including understanding of the
citrate layer and the significant effect of intermolecular interactions on sorption behaviors
of surface citrate. The approaches and findings from the study of citrate-stabilized AuNPs
can apply to other studies relating to the structure and adsorption of hydroxycarboxylic
acids on metal surfaces, including amino acids. The correlation analysis in SERS signals
from AuNP dimers led to the determination of orientations of asymmetric NPs in dimers
with respect to the location of the Raman probe. The interfacial characterization at the
junction of the AuNP dimer established the well-defined surface characteristic of the
asymmetric NPs, which expands use of the asymmetric NPs toward various model
systems of plasmonic nanomaterials. This dissertation research eliminated the
fundamental assumptions made for citrate-stabilized Au- and AgNPs relating to the
molecular adsorption of citrate and thiol molecules by detailed characterizations at the

molecule/metal interface at a molecular level.
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