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D
ue to the critical role of surface
organic layers, much effort is put
into modifying the surface func-

tional groups to tailor the properties of
metal nanoparticles (MNPs). The most
commonly used approach for surface modi-
fication is thiol functionalization.1,2 Because
thiols have a strong affinity for noble metals
and form organized self-assembled mono-
layers (SAMs) on planar Au surfaces,3,4

ω-terminated thiols are often used for the
formation of robust ligand shells on
MNPs.5,6 Unlike on a pristine planar metal
surface, stabilizer ligands are intrinsically
present onMNP surfaces after wet-chemical
synthesis. To form a well-defined SAM on
the surface of MNPs, those stabilizers are
inclined to be displaced by incoming thiol
ligands through a process called ligand
exchange. Citrate-stabilized gold nano-
particles (Cit-AuNPs) are common nano-
materials, and citrate-to-thiol exchanges
typically are the first step for a large variety
of studies related to the chemical and

biological properties of AuNPs in the 5 to
100 nm size range.7 For the most part, the
approach to this ligand exchange is pre-
sented in a rather simple manner based on
the assumption that the thiol molecules
spontaneously displace the citrates, lead-
ing to a completely thiolate-functionalized
nanoparticle.5 Statements about ligand
exchange of thiolates for citrate molecules
on AuNPs5,6 aremade due to the substantial
difference in energy between Au�S8 (∼40
kcal/mol) and Au�OCOOH

9 (∼2 kcal/mol)
interactions, but other factors impact the
ligand exchange process, including kinetic,
electronic, steric, chelating, and solvent
effects.10 In a previous study, we found that
surface citrate anions (dihydrogen species,
H2Cit

�) form hydrogen-bonded networks
on AuNPs11 as originally speculated by
Grieser and co-workers,12,13 and thus, the
resulting steric and chelating effects of the
entire citrate layer can govern the citrate-
to-thiol exchange, in addition to single
bond energies. This suggests that surface

* Address correspondence to
shumaker-parry@chem.utah.edu.

Received for review November 7, 2014
and accepted January 21, 2015.

Published online
10.1021/nn506379m

ABSTRACT Thiols are widely utilized to functionalize metal

nanoparticles, including ubiquitous citrate-stabilized gold nanopar-

ticles (AuNPs), for fundamental studies and biomedical applications.

For more than two decades, citrate-to-thiol ligand exchange has

been used to introduce functionality to AuNPs in the 5�100 nm size regime. Contrary to conventional assumptions about the completion of ligand

exchange processes and formation of a uniform self-assembled monolayer (SAM) on the NP surface, coadsorption of thiols with preadsorbed citrates as a

mixed layer on AuNPs is demonstrated. Hydrogen bonding between carboxyl moieties primarily is attributed to the strong adsorption of citrate, leading to

the formation of a stabilized network that is challenging to displace. In these studies, adsorbed citrates, probed by Fourier transform infrared and X-ray

photoelectron spectroscopy (XPS) analyses, remain on the surface following thiol addition to the AuNPs, whereas acetoacetate anions are desorbed. XPS

quantitative analysis indicates that the surface density of alkyl and aryl thiolates for AuNPs with an average diameter of∼40 nm is 50�65% of the value

of a close-packed SAM on Au(111). We present a detailed citrate/thiolate coadsorption model that describes this final mixed surface composition.

Intermolecular interactions between weakly coordinated oxyanions, such as polyprotic carboxylic acids, can lead to enhanced stability of the metal�ligand

interactions, and this needs to be considered in the surface modification of metal nanoparticles by thiols or other anchor groups.

KEYWORDS: gold nanoparticles . citrate displacement . surface coverage . XPS quantitative analysis . ligand exchange .
self-assembled monolayer
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citrate anions may not be readily displaced by thiols.
Until now, however, there have been abundant exam-
ples of reports relying on the assumption of complete
displacement of the adsorbed citrates by thiols, includ-
ing Cit-AuNPs conjugated with thiol-linked DNA and
TNF (tumor necrosis factor) for clinical use.14 Remain-
ing citrate molecules impact the NP surface chemistry
due to the hydroxyl/carboxyl functionality and influ-
ence properties such as pH-dependent surface charge,
intracellular activity,15 and toxicity.16Moreover, surface
coverage of thiolates on AuNPs can be restricted to a
great extent by the citrates already adsorbed on the
particle surface.17 The significant and broad impact
motivates the need for a detailed understanding of the
displacement of weakly coordinated but hydrogen-
bonded polyprotic carboxylic acids, as well as subse-
quent formation of SAMs through thiol anchor groups
on MNPs.
One of the simple tests for citrate-to-thiol exchange

has been NP aggregation studies based on UV�visible
spectroscopy,5 where the aggregation characterized
by a red shift of a localized surface plasmon resonance
(LSPR) is used to follow the adsorption of thiols on
AuNPs. This test is associated with the assumption that
the displacement of the negatively charged surface
ions (e.g., citrate anions) causes AuNP aggregation due
to the loss of electrostatic repulsion and colloidal
stability in solution.18 The NP aggregation-based
approach has become a representative protocol to
monitor replacement of adsorbed citrates on MNPs.19

This method exclusively relies on an electrostatic
mechanism to stabilize the MNPs, rooted in coarsely
considering each citrate molecule as a static point
charge. However, the direct correlations between
citrate desorption, surface charge depletion, and col-
loidal instability are no longer valid when other ligand
layers coadsorbed on NPs drive charge neutralization
and/or dominate interparticle interactions. For exam-
ple, the carboxylate negative charge may be neutra-
lized via protonation20 or cationic molecule adsorp-
tion,12,21 leading to a decline in the surface charge of
the particles. Also, interlayer interactions, including
hydrogen bonding, electrostatic attraction, and hydro-
phobic effects, may induce interparticle attraction22

without the citrates actually being displaced. The
colorimetric assay based on NP agglomeration pro-
cesses is an unpropitious method of studying the
replacement of adsorbed citrate by incoming thiols,
and molecular spectroscopic methods to probe ligand
exchange are warranted to gain an understanding of
the process.
Herein, we present experimental evidence that a

significant portion of citrate anions remains on AuNPs
(∼40 nm in diameter) treated with alkyl and aryl thiols
in solution based on attenuated total reflectance infra-
red spectroscopy (ATR-IR) and X-ray photoelectron
spectroscopy (XPS) analyses. Owing to the detailed

structural characterization of the citrate adlayer in our
previous study, we utilize unique spectroscopic signals
of H2Cit

� directly adsorbed on the AuNPs for
the surface analysis, which are characterized by the
ν(CdO) vibration of carboxylic acid groups through
acyclic dimerization at 1734 cm�1, the asymmetric
ν(COO�) of gold�carboxylate (Au�COO�) coordina-
tion at 1615�1540 cm�1, and the C 1s binding energy
of the Au�COO� species at 288 eV.11 Surface density of
alkyl and aryl thiols on AuNPs was estimated using
adsorption isotherm analysis based on Au and S
compositions from XPS data. These adsorbate/
substrate-based densities are complementary to the
ratio of surface coverage of coadsorbed alkanethio-
lates to pre-existing citrates, determined from a linear
regression slope of a plot of the ratio of alkanethiolate
C 1s intensities to carboxyl C 1s intensities versus the
number of themethylene units of alkanethiolates. Both
quantitative surface analyses suggest that the surface
coverage of aryl and alkyl thiolates on Cit-AuNPs is far
less than the commonly assumed value for the forma-
tion of SAMs. The composition of a mixed layer of
citrate/thiolate ligands on edge and facet surfaces is
proposed. The influence of adsorbed alkanedithiolates
on adjacent citrates is probed by monitoring the struc-
tural transformation of citrate anions, which depends
on the hydrocarbon length of dithiolates confined at
surface regions free of adsorbed citrate. Contributions
from intermolecular interactions between surface
citrates are considered in order to explain the strong
adsorption of citrate molecules on AuNPs. Finally,
a description of the Cit-AuNP surface composition is
presented based on analysis of the XPS data consider-
ing different Au oxidation states.

RESULTS AND DISCUSSION

IR and XPS Characteristics of Remaining Citrates on AuNPs
Functionalized by Alkyl Thiols. ATR-IR and XPS spec-
troscopic approaches were used to probe coordi-
nated citrate species on AuNPs exposed to methyl-
terminated alkanethiol. This type of thiol was chosen
because it induces NP aggregation, and the extent of
aggregation is often used to study displacement of
citrate anions. Also, the presence of the methyl group
of the thiol does not interfere in the identification of
the carboxylic acid groups of citrate in IR and XPS
analyses. Intermolecular interactions between ter-
minal methyl groups of the alkanethiols in ethanol
solution are very weak,23 preventing a multilayer for-
mation of alkanethiol on the AuNP surface. After addi-
tion of excess amounts (1 mM ethanolic solution) of
1-dodecanethiol (CH3�C11�SH) into a solution of
Cit-AuNPs, AuNPs exhibit a typical broadened LSPR
band red-shifted from the plasmon response of the
well-dispersed particles due to plasmon coupling in
the NP aggregates formed (Figure S1 in the Supporting
Information). The concentration of the thiol solution
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is ∼270 times larger than that needed to saturate the
AuNP surfaces. The aggregation of Cit-AuNPs functio-
nalized with thiols has been used ostensibly to assess
the complete displacement of citrate anions, but
molecular analyses show that citrates remain on
the AuNPs even after exposure to high concentrations
of thiols.

Remaining surface citrates on AuNPs were identi-
fied using IR spectral signatures unique to the ad-
sorbed citrate species, as seen in Figure 1A. IR spectra
were recorded for AuNPs after purification using a
typical centrifugation procedure and then dried on
an ATR substrate (see the Methods). A characteristic
ν(CdO) of hydrogen-bonded COOH appearing at
1704 cm�1 was monitored for Cit-AuNPs treated with
CH3�C11�SH (black dashed line, black spectrum in
Figure 1A). Previously, we assigned this dominant peak
to a cyclic COOH dimerization between adsorbed and
dangling citrate anions.11 More importantly, another
perceptible ν(CdO) of hydrogen-bonded COOH at
1734 cm�1 was also observed (blue dashed line), and
this is associated with a surface-specific acyclic dimer-
ization between two adsorbed citrate anions.11 A
deconvoluted spectrum is presented in the Supporting
Information (Figure S2). Interactions of alkyl thiolates
with dangling citrates possessing configurational flex-
ibility were probed. When Cit-AuNPs were treated with
1,6-hexanedithiol (HS�C6�SH) (blue spectrum in
Figure 1A), the transmittancemagnitude of the ν(CdO)
band at 1704 cm�1 was significantly attenuated. In a
previous study, we suggested an orientation change of
dangling citrate anions with respect to the metal
surface.11 The dithiol ligands with both sulfur atoms
bound to the surface may partially disrupt hydrogen-
bonded dangling citrates that move outward from the
surface through repulsive van der Waals (vdW) forces
generated from hydrocarbon backbones in close

proximity. As the cyclic COOH dimer orients perpendi-
cular to the surface, the parallel component of the CdO
bond dipoles to the metal surface becomes dominant,
making the ν(CdO) vibration IR-inactive according to
the surface selection rule24 (Figure S3 in the Support-
ing Information). However, the transmittance level
from the ν(CdO) band at 1734 cm�1 does not change
drastically, owing to the stabilized orientation of
the surface-specific COOH dimerization. The ν(CdO)
frequencies of adsorbed citrate species are summar-
ized in the Supporting Information (Table S1). It is
unlikely that citrate anions possessing one hydroxyl
and three carboxyl groups would become trapped in
the hydrophobic layers of the alkanethiolate after
being displaced from the AuNP surface. We attribute
the presence of these vibrational modes of carboxyl
moieties to citrates remaining on the surface of the
thiol-functionalized AuNPs.

The existence of remaining surface citrates is
further supported by detection of gold�carboxylate
coordination.25 An asymmetric COO� stretching vibra-
tion (νasy(COO

�)) of a characteristic η1-COO� coordi-
nate to Au atoms appears at 1611 cm�1 as a small, but
sharp, band (indicated by the arrow in Figure 1A). This
νasy(η

1-COO�) is ascribed by binding one of the oxygen
atoms of a terminal carboxylate to the surface, which
discriminates adsorbed citrate from sodium citrate and
citric acid that are not associated with a surface.
Coordination of two oxygen atoms of the central
carboxylate to the surface also produces the frequency
of νasy(COO

�) at 1540 cm�1. Although the νasy(COO
�)

vibrational mode is parallel to the AuNP surface and
a priori IR-forbidden, a dynamic dipole moment
via carboxylate-to-gold electron transfer26 can couple
with themolecular vibration,27 and/or the facet surface
may not be atomically flat due to the possible exis-
tence of Au adatoms,28 resulting in the appearance of

Figure 1. IR and XPS spectra indicative of coordinated citrate species remaining on AuNPs after addition of alkanethiol. (A)
ATR-IR spectrum of AuNPs functionalized with dodecanethiol (CH3�C11�SH) exhibits the characteristic ν(CdO) of hydrogen-
bonded COOH groups centered at 1704 cm�1 (black dashed line) along with νasy(COO

�) of surface-coordinated Au�COO at
1611 cm�1 (indicatedby the arrow). Another ν(CdO) at 1734 cm�1 (bluedashed line), which is associatedwith surface-specific
hydrogen bonding, becomes distinct when Cit-AuNPs are functionalized with 1,6-hexanedithiol (HS�C6�SH) (blue spectrum).
Also, νasy(COO

�) of the central carboxylate of dangling citrates at 1575 cm�1 becomes enhanced. The gray spectrum is for pure
CH3�C11�SH without AuNPs, which also represents pure HS�C6�SH in the given frequency range (corresponding spectrum
omitted for clarity). Blue and gray traces are offset from baselines by (2% for clarity. (B) Deconvoluted XPS C 1s spectrum of
AuNPs functionalized with dodecanethiol (CH3�C11�SH) shows coordinated COO� on Au surfaces at 287.6 eV. Raw data are
represented by cross symbols (�), and an envelope spectrum is displayed by red circles (O).
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this mode. Thus, the presence of the Au�COO coordi-
nate is direct evidence of incomplete displacement of
citrate by the alkanethiols under typical experimental
conditions of ligand exchange reactions. Interestingly,
those Au�COO bands become broadened when
Cit-AuNPs are functionalized with HS�C6�SH, prob-
ably due to repulsive vdW forces from the lying-down
configuration of the likely planar alkanedithiolates29

impacting the orientation and arrangement of the
nearby adsorbed citrates (blue spectrum in Figure 1A;
also see deconvoluted spectra in Figure S4 in the Sup-
porting Information). In addition, the other νasy(COO

�)
peak at 1575 cm�1 associated with the central carbox-
ylate group of dangling citrates11 becomesmore intense
because the direction of the νasy(COO

�)central vibration
may be mostly perpendicular to the surface as the
dangling citrate anions orient toward the surface normal
and, consequently, exhibit strong IR activity (Figure S3 in
the Supporting Information).

XPS analysis also provided evidence of remaining
surface citrate (Figure 1B). The XPS spectrum of C 1s
shows two major peaks at higher binding energies
(BEs) of 287�291 eV attributed to carboxyl species
compared to the peak for hydrocarbon at 284.8 eV.
One C 1s peak at 287.6 eV corresponds to the gold-
coordinated carboxylate (Au�COO�),30 and the other
C 1s at 289.4 eV is assigned to the free carboxylic group
(COOH).31 The strong peak at 284.8 eV is associated
with the aliphatic chain of the thiolate, and the decon-
voluted peak at ∼286 eV is attributed to hydroxy-
hydrocarbon-based contaminants from air32 along
with contributions from the citrate�CH2�/�COH and
thiolate �CH2S� moieties. XPS evidence of the pre-
sence of the carboxylate carbon supports the IR anal-
ysis and demonstrates that the surface citrate is not
completely displaced by the thiol. This finding agrees
with the detection of residual citrate anions on Cit-
AuNPs treated with thiols (cysteamine) by Cheng and
co-workers using laser desorption ionization mass
spectrometry (LDI-MS).33 Lee and co-workers also dis-
cussed incomplete displacement of citrate anions on
AuNPs after addition of alkanethiols, even for multi-
dentate ligands having more than one thiol moiety.34

Under conditions without citrate interference by using
ligand-free AuNPs, Petersen and Barcikowski demon-
strated that conjugation with thiolated oligonucleo-
tides yields a higher surface coverage up to a factor of 5
in comparison to the conventional conjugation to Cit-
AuNPs.17 Therefore, there are multiple indications that
ligand exchange reactions of Cit-AuNPs with incoming
thiol do not easily lead to complete displacement of
citrate, although this is typically assumed to be a facile
process.

The remaining citrate in the aggregated AuNPs
suggests that the NP aggregation-based assay5,19 is
not adequate to estimate the extent of the re-
placement of citrate for the studies of ligand exchange

reactions. The aggregation of Cit-AuNPs only impli-
cates thiols in the adsorption on the NP surface, not
necessarily the displacement of citrate. In the afore-
mentioned assay, the possibility of the coadsorption of
thiols with preadsorbed citrates is neglected. In fact,
the interplay of attractive and repulsive interactions
between thiolate functional groups and citrate layers
can govern the process of NP aggregation (see ref 11
and Figure S5 in the Supporting Information). There
have been studies suggesting complete ligand ex-
change. For example, Epple and co-workers suggested
a quantitative displacement of citrate by polyvinyl-
pyrrolidone (PVP) using elemental analyses for carbon,
hydrogen, and gold.35 However, the much smaller
molecular weight of citrate compared to the massive
size of the PVP used in their study may introduce a
challenge in the determination of a precise value for
the carbon content of residual citrate because of
detection limits for this analysis method. In addition,
based on zeta-potential measurements indicating a
negative surface charge and the presence of sodium
ions, the authors suggested the presence of residual
citrate.

In our previous study, we demonstrated that
acetoacetate,36,37 the major oxidized species of citrate
during AuNP synthesis,25 is desorbed from the
surface.11 Two consecutive processes of citrate decar-
boxylation produce acetoacetate (Scheme 1). Acetone-
dicarboxylic acid (β-ketoglutaric acid) is not stable in
the course of AuNP synthesis.25,38 While XPS signals for
C 1s of citrate Au�COO� and acetoacetate CdO are
overlapped around 288 eV, IR frequencies distinct from
citrate can be used for identifying acetoacetate dis-
placement. In that study, we observed that, upon thiol
addition to the AuNPs, the intensity of νasy(COO

�) at
∼1590 cm�1, mainly emanating from acetoacetate
�CH2COO

� moieties, was drastically attenuated, and
a characteristic ν(CdO) of saturated aliphatic ketone at
1725�1710 cm�1 disappeared, leaving only the citrate
ν(CdO) of hydrogen-bonded COOH groups at 1704
and 1734 cm�1 (see both Figure 4 and Figure S11 in
ref 11). Acetoacetate can be further oxidized into
acetone and acetate38 (see ref 25 for acetoacetate
oxidation pathways), and these final byproducts at
the end of citrate oxidation are expected to remain
solvated rather than adsorbed on the metal surface
due to a lack of a strong driving force for adsorption.
Besides acetoacetate, adsorbed citrate species can also
exhibit similar IR frequencies at 1711 and 1593 cm�1,
ascribed by OH 3 3 3HOOC/OH 3 3 3

�OOC intramolecular

Scheme 1. Oxidation of citrate into acetoacetate via two
consecutive decarboxylation pathways.
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interactions, respectively.11 Although IR features of
acetoacetate are largely overlapped with those of
adsorbed citrates, except ν(C�H)CH3 frequencies,
another ligand exchange performed for AuNPs having
only isolated adsorbed citrates indicates that amajority
of citrate remains on the surface (see discussion below).
Therefore, we concluded that the primary organic anion
desorbed from the surface is acetoacetate.

Under alkaline conditions, citrate anions are ad-
sorbed on the AuNP surface through a deprotonated
formof Cit3�.11 The central carboxylate group primarily
binds to the surface, and only one of the two terminal
carboxylate groups can additionally bind to the surface
through η1-coordination, resulting in mono- or biden-
tate citrate. Upon purification of as-prepared AuNPs
with an OH� solution at pH ∼9, a substantial decrease
of the ν(C�H) intensities for acetoacetate CH3CH2

�

fragments was observed, implicating citrate anions as
the primary organic species remaining on the AuNPs.
Also, the apparent Au(I)/Au(0) ratio of XPS Au 4f
intensities increased from 0.06 to 0.09, and this sug-
gests that a large fraction of surface gold atoms was
oxidized to the Au(I) state due to the formation of
Au�O via binding of OH�39,40 or citrate COO� to the
gold surface. The adsorption strength of citrate anions
may be enhanced through the ancillary Au(I)�COO�

(terminal) complexation. When a solution of alkane-
thiol is added to the deprotonated Cit-AuNPs, the
peak indicative of the surface-specific COOH dimeriza-
tion via protonation of the terminal carboxyl groups
appears at 1734 cm�1 with 80% amplitude compared
to the peak intensity prior to the deprotonation
process.11 This indicates that even deprotonated
species of citrate anions readily form hydrogen bonds
under thiol functionalization, presumably through
proton transfer from sulfur hydrogen to citrate car-
boxylate. If surface hydrogen bonding through
M�OH 3 3 3

�OOC interactions occurred, the AuNPs
would exhibit both ν(O�H)AuOH at ∼3550 cm�1 41

and ν(CdO) at ∼1740 cm�1.42 The former band was
not observed in this condition, and thus, the possibility

of M�OH 3 3 3
�OOC hydrogen bonding was ruled out.

The citrate anions form a robust surface layer, resulting
in incoming thiols displacing only a small fraction of
citrate anions, likely to a greater extent at edge and
vertex sites of the AuNPs.

In addition to the molecular anion, XPS Cl spectra
indicate that another negatively charged species dis-
placed from AuNPs is the chloride ion. Peaks in the XPS
Cl spectra appear at∼270 eV for Cl 2s43 and at∼200 eV
for Cl 2p.44,45 Upon addition of the ethanolic solution
of CH3�C11�SH to Cit-AuNPs, those Cl peaks disap-
pear, indicating the displacement of surface chloride
ions (Figure S6 in the Supporting Information). There
are two major Cl 2p3/2 peaks at 197.9 and 200.3 eV
(Figure S7 in the Supporting Information). The former is
associated with NaþCl� and/or Au(I)�Cl� species, and
the latter, which is higher than those of Cl atoms and
chloride ions typically at 197�199 eV,44,45 may be
attributed to Au(0)�Cl� species. We will discuss the
presence of chloride ions adsorbed on metallic gold
surfaces at the end of this study. It is not clear whether
chloride ions are desorbed from the surface in the form
of chloride ions or gold�chloride complexes. The
footprint of a single citrate anion in the hydrogen-
bonded layer is 59 Å2.11 Since a citrate anion of fully
extended conformation fits at a vacant area in the
citrate network, resulting in an approximate dimension
of 45 Å2 for an extended citrate anion, the fractional
surface coverage relative to the Au atom lattice defin-
ing a unit cell area of 179 Å2 is 0.75 ML (θCit = 1/6 for
1 ML defined by η2-COO� coordination on a (111)
surface; i.e., two oxygen atoms per COO� occupied
on every six gold atoms, in reference to one sulfur atom
of a thiol molecule, are occupied on three gold atoms,
yielding θThiol = 1/3 for 1 ML) for hydrogen-bonded
citrate species. Other surface sites are likely occupied
by acetoacetate, non-hydrogen-bonded citrate, and
chloride ions. Figure 2 presents a qualitative repre-
sentation of the displacement of surface anions
(acetoacetate and chloride ions) on Cit-AuNPs upon
thiol addition.

Figure 2. Qualitative perspective of ligand exchange on Cit-AuNPs under thiol functionalization. (A) Representative chemical
species of interest on the (111) surface of Cit-AuNPs as prepared. (B) Surface of Cit-AuNPs after thiol (CH3�C11�SH) addition.
Adsorption configuration of the alkanethiolates is arbitrary, except the sulfur�sulfur spacing is optimized. Surface gold
atoms (orange spheres) and chloride ions (green spheres) are illustrated as a space-filling model, whereas citrate,
acetoacetate (indicated by arrows), and alkanethiolate molecules are depicted as a ball-and-stick model. The citrate anion
at the center is a dangling species not in direct contact with the surface. Note that the spectroscopy data indicate that
hydrogen-bonded citrate molecules remain, but acetoacetate and chloride anions are displaced by the thiols.
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Adsorption Isotherm of Aryl Thiols for Determination of
Surface Area Available for Adsorption in the Presence of Surface
Citrates. The adsorption of arylthiols on Cit-AuNPs was
studied by XPS analysis. The XPS spectral signatures
provide the basis for a semiquantitative assessment
of thiolate adsorption and citrate displacement pro-
cesses. Densely packed AuNPs on a silicon substrate
were used for the XPS measurements. Because of a
limited penetration depth originating from the inelas-
tic mean free path (IMFP) of gold (λ = 1.55 nm),46 the
XPS signals were collected from the rough surfaces of
topmost AuNPs (3λ = 4.65 nm). To plot adsorption
isotherms for 4-mercaptopyridine (Py�SH) on Cit-
AuNPs, the elemental ratios and atomic compositions
were obtained from XPS peak areas at characteristic
binding energies, which are the C 1s of the gold�
citrate coordinate (Au�COO�) at 288 eV, the S 2p of
pyridine thiolate, and the Au 4f. Typical BE values of
S 2p3/2 and Au 4f7/2 are 162 and 84 eV, respectively.2

The average diameter of Cit-AuNPs obtained by TEM
analysis is 39 nm ((25%), but the surface area and
concentration of AuNPs were calculated using a diam-
eter of 35 nm and corresponding to an extinction
coefficient of 6.1 � 109 M�1 cm�1, so that a resulting
value of adsorption saturation would be closer to an
upper limit for the particle population (see theMethods).
Monolayer (ML) coverage was defined based on a
packing density of 4.3 � 1014 thiolates/cm2, which was
estimated by STM images of benzenethiolate adsorbed
on a planar Au(111) surface.47

In Figure 3A, ratios relating the surface composition
of the adsorbed thiolate to the amount of thiol added
to the AuNP solution are plotted. Thiol solution con-
centrations were varied from 1/6 to 1 ML coverage on
the entire AuNP surface, up to 8.6 μM. The thiol
adsorption exhibits saturation behavior prior to 1 ML
solution concentration. The ratio of S2p/Au4f increases
as the amount of added Py�SH increases up to 5/6 ML,
showing a linear relationship between the amount
of adsorbed thiolate and the thiol concentration in
solution. The adsorption saturation canbeset at 4.2/6ML
(i.e., 0.70 ML) where pre- and post-saturation lines

intersect. As expected, the peak areas of Au 4f are
constant over the thiol concentrations, and the S2p/N1s

ratios are independent of thiol coverage (Figure S8 in
the Supporting Information). This consistency in the
adsorption isotherm supports the XPS-based quantita-
tion of adsorbed thiolate in this study.

Figure 3B presents a plot for S2p/C1s displaying a
similar adsorption isotherm to that of S2p/Au4f, except
the observed composition ratio follows a sigmoidal
curve. The sigmoidal profile implicates an influence of
citrate or its oxidized species in the adsorption of
Py�SH, and this can be rationalized with desorption
of acetoacetate. The C 1s BE of the carbonyl carbon
of ketone is overlapped with that for Au�COO� at
∼288 eV.48 These C 1s intensities decrease as S 2p
intensities increase up to∼2/3 ML solution concentra-
tion, where adsorption saturation of the thiol is
achieved. Beyond the saturation point, however, the
C 1s intensities remain unchanged. This is consistent
with thiol coadsorption displacing acetoacetate and
possibly non-hydrogen-bonded citrate anions, leaving
vacant areas where citrate anions did not form a
network layer. If thiol molecules completely displace
citrate anions from the AuNP surfaces, the S2p/C1s ratio
would increase exponentially beyond 1/2 ML due to
the substantial sulfur content of the aryl thiolate. The
correspondence of the saturation points determined
by the atomic compositions of S 2p and citrate C 1s
demonstrates thiolate/citrate coadsorption. The value
of C1s(citrate)/Au4f at the initial stage of the Py�SH
functionalization is twice that of the observed mini-
mum value, and this is approximately equivalent
to two desorbed species of acetoacetate or non-
hydrogen-bonded citrate anions per three hydrogen-
bonded citrate anions. This extent of ligand exchange
is in good agreement with the surface composition of
citrate-related species, for which XPS analysis of C 1s
spectra for as-prepared Cit-AuNPs resulted in a ratio of
deprotonated acetoacetate to H2Cit

� anions of∼1.2.11

In addition, chloride ions are not detected even at
1/6 ML thiol, indicating that ethanol can displace them
(Figure S9 in the Supporting Information). C 1s, S 2p,

Figure 3. Relationship between the amount of Py�SH in solution and the amount of Py�SH adsorbed on Cit-AuNP surfaces
determined fromXPS analysis. (A) Apparent ratios of the peak areas of S 2p andAu 4f (2) aswell as peak intensities of Au 4f on
a logarithmic scale (9) for different Py�SH solution concentrations. The dotted line guides coverage saturation at 0.7ML as an
upper limit. (B) Ratios of the peak areas of S 2p and citrate C 1s at 288 eV (b) as well as citrate C1s/Au4f (�). Acetoacetate
contributes to the intensity of the citrate C 1s, particularly prior to 2/3 ML. The dotted line is a guide at the solution
concentration of 2/3 ML.
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N 1s, and Au 4f spectra used in the XPS analyses are
presented in the Supporting Information (Figure S10).

Both adsorption isotherms in Figure 3 illustrate a
saturation of Py�SH adsorption on Cit-AuNPs at 0.7 ML
as an upper limit, and thus, the packing density of
Py�SH is less than 3.0 thiolates/nm2. The established
saturation accounts for both kinetic effects of the
ligand exchange process as well as established equilib-
ria, that is, a Langmuir-type model representing the
adsorption/desorption equilibrium.49 Even at these
diluted solution concentrations, the surface coverage
is comparable with that observed for 1 mM concentra-
tion, whichwill be discussed later. If the diameter of the
AuNP sphere considered is increased from 35 nm to
the average measured value of 39 nm, this results in a
packing density of 2.4 thiolates/nm2, which is almost
one-half of that measured for a planar Au(111) surface
(4.3 � 1014 thiolates/cm2). Adsorption saturation prior
to 1 ML suggests that close-packed SAM formation
of only thiols cannot be achieved on Cit-AuNPs, in
contrast to what is conventionally assumed from thiol
functionalization on pristine planar surfaces. Zachariah
and co-workers measured the layer thickness of
11-mercaptoundecanoic acid adsorbed on 30 nm Cit-
AuNPs, which is 35% less than the predicted value, and
they speculated that the thiolate layer on AuNPs is less
dense than closely packed SAMs.50 Based on our
results, this observation can be explained by lower

surface coverage of the adsorbed thiolate than
expected due to partial occupation of AuNP surfaces
by citrate that is not readily displaced.

Quantitative Determination of Surface Coverage of Citrates
and Thiolates by XPS Analysis. The fractional surface cover-
age of citrates and alkanethiolates was estimated
using a quantitative approach to analyze XPS data.
This approach is based on plotting intensity ratios of
alkanethiolates to remaining citrates with respect to
varied alkanethiol length upon addition of excess
thiols11 (Figure 4A). Thus, the surface functionalization
of the AuNPs should be at a saturation level for all chain
lengths. The adsorbate/adsorbate ratio-based deter-
mination of surface coverage allows for estimating a
narrow range of packing density values. This analysis is
complementary to the adsorbate/substrate (i.e., sulfur/
gold) ratio-based measurements which are limited by
the challenge of accurately estimating the calculated
surface area as well as the reliance upon defining
monolayer coverage by planar reference surfaces that
do not adequately represent the nanoparticle surface.

Intensities of 1-alkanethiolates and citrates were
determined from integrating the peak areas of C 1s at
284.8 eV formethylenemoieties of alkanethiolates and
C 1s at 288 eV for coordinated carboxylate groups of
citrates. Although the latter typically exhibits a weak
signal, the band's intensity is appreciable throughout
AuNP samples owing to the high sensitivity of XPS to

Figure 4. XPS quantitative analyses of the surface coverage ratio of alkanethiol to citrate on AuNPs. (A) Schematic illustration
of the relationship between the surface density ratio of alkanethiolate to citrate and the slope of the intensity ratio plot versus
the number ofmethylene units. At a given surface density of citrate, the slope value for a lower surface density of thiolate (i) is
smaller compared to a higher surface density of thiolate (ii). (B) Intensity of the C 1s peak of methylene moieties at 284.8 eV
with respect to the length of alkanethiolates, which exhibits a linear dependence on the hydrocarbon length. A set of open
circles (O) with the fitted dashed line represents raw data, and a set of closed circles (b) with the solid line represents
normalized intensities of C 1s after the contribution from hydrocarbon impurities is subtracted. Inset: Intensity of Au 4f on a
logarithmic scale. (C) Plot of the intensity ratio of the C 1s peak for alkanethiolates/citrates with respect to the length of the
alkanethiolate. The slope (1.7) directly represents the ratio of the surface density. Inset: Apparent S2p/Au4f intensity ratio with
respect to hydrocarbon length. The ratio at n = 0 with an error bar represents purified Cit-AuNPs for comparison (�).
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subtle amounts of surface species. Notably, the inten-
sity ratios of C 1s of carboxyl carbons at 287�291 eV to
Au 4f are similar for Cit-AuNPs before and after thiol
functionalization (Table S2 in the Supporting Infor-
mation). When the surface density of citrate anions is
considered (θCit ∼ 75% compared to the estimated
monolayer coverage of citrate anions), however, the
C 1s intensity of citrate carboxyl carbons is relatively
low. For comparison, we functionalized Cit-AuNPs with
carboxylic-acid-terminated alkanethiols (COOH�Cn�SH,
n = 2 and 10) and examined the intensities of the C 1s of
carboxyl carbons at 287�291 eV. While the S2p/Au4f
ratios are similar to those of the AuNPs functionalized
with methyl-terminated alkanethiols, C1s(carboxyl)/
Au4f values are significantly larger (250�450% in-
crease) for the carboxylic-acid-terminated alkanethiols
(see Table S2). This suggests that the XPS intensity
of carboxyl carbon may be orientation-dependent,51

considering that the plane of citrate carboxyl atoms is
approximately parallel to the surface, whereas that of
thiolate carboxyl atoms is likely perpendicular to the
surface. The latter seems to produce intense C 1s
signals of carboxyl carbons. For Cit-AuNPs functiona-
lized with methyl-terminated alkanethiols, however,
the C 1s intensities of Au�COO� coordinated at 288 eV
did not fluctuate and, therefore, were used to assess
changes in the relative carbon amounts of citrate. C 1s,
S 2p, and Au 4f XPS spectra used in the determination
of peak intensities are presented in the Supporting
Information (Figure S11).

The intensity (I) of the XPS peak is proportional to
the surface density (F):

Ialkanethiolate ¼ a 3 σCH2 3 Falkanethiolate (1)

Icitrate ¼ a 3 σCOO� 3 Fcitrate (2)

where the term a accounts for factors relating to the
source, the spectrometer, and some sample-specific
parameters, and the latter two terms σ 3 F are chemical-
specific factors of interest in this quantitation.52 The
term σ is the photoelectron cross section of carbon
atoms, and we assume that σ(CH2) = σ(COO�) for this
analysis. The factor (a) also comprises possible intensity
deviations due to NP shape effects, although the
impact of shape should be minimized by averaging
the signal over the rough surface area, which is large
compared to that of the individual NPs. Castner and co-
workers investigated the layer thickness of SAMs on
large AuNPs by XPS analyses,53,54 and deviations of
measured XPS intensities at a certain photoelectron
emission angle were negligible among these samples
of randomly dispersed NPs.46,53 The reproducibility of
these XPS data is consistent with the high precision of
our XPS measurements for Py�SH adsorption on the
rough AuNP surface (Figure 3).

The plot of alkanethiolate intensities as a function of
the number of methylene units of the alkanethiolates

(n) is expected to show a linear relationship for short
chain lengths (n e 11). Accordingly, the following
simple relationship can be derived:

Ialkanethiolate, n ¼ (a 3 σCH2 3 Falkanethiolate)nþ c1 (3)

where c1 is a positive constant originating from the XPS
intensity due to the methyl groups. In an ambient
condition of sample preparation, adsorbed hydrocar-
bon impurities52 also contribute to the C 1s signal
at 284.8 eV. Thus, the measured intensity of C 1s at
284.8 eV is

ICH2, n ¼ Ialkanethiolate, n þ Iimpurity (4)

Figure 4B presents a plot of ICH2,n versus the number of
methylene units. While the intensity of methylene
moieties linearly increases as the chain length n in-
creases (open circles and dashed line), the intensity of
Au 4f remains constant (inset, Figure 4B). The value of
ln(Au4f) is the same as that for Cit-AuNPs functionalized
with Py�SH (Figure 3A). Typically, the ln(Au4f) intensity
linearly decreases as a function of hydrocarbon length
for the closely packed monolayer of alkanethiolates on
planar gold surfaces, due to the effect of photoelectron
attenuation of Au 4f within the overlayers.55 The lack of
significant attenuation of Au 4f photoelectrons is
additional evidence of the formation of a less dense
layer of alkanethiolates on the AuNPs, which is the
consequence of the presence of preadsorbed citrates.
Also, a plot of the ratio of C to Au also produces a linear
relationship due to the negligible attenuation of Au
intensities (Figure S12 in the Supporting Information).

To extract the alkanethiolate contribution to the
apparent C 1s signals, we normalized the C 1s inten-
sities with the atomic composition of sulfur. When the
relative C 1s intensities are divided by S 2p intensities,
the resulting slope in the plot of C1s/S2p against a
methylene unit should be unity. However, a slope of
2.6 was obtained (Figure S13 in the Supporting
Information), and thus, an additional 160% of the C
1s signal in this study is coming from sources other
than alkanethiolates. The main source is likely hydro-
carbon contamination.52 A possibility of unbound
alkanethiols interdigitated in the chemisorbed thiolate
layerwas excludeddue to a lack of S 2p3/2 at 163�164 eV
for free thiol molecules,2 which is in agreement with
the weak intermolecular interactions between methyl-
terminated thiols in ethanolic solutions, making this
type of layer formation unlikely.23 Other sources may
affect the additional C 1s signals and the negative
intercept, including the effects of the roughness asso-
ciated with the uppermost surface of AuNP aggre-
gates56 and a length-dependent orientation change
of the thiolate layer57 (see the Supporting Information).
The measured intensities of C 1s were divided by the
empirical factor of 2.6, and the normalized intensities
of alkanethiolates are presented in Figure 4B (closed
circles and solid line).
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With this correction, the 1:1 relationship between
the hydrocarbon density of alkanethiolates and the
C 1s signal is still valid for eq 3. Dividing eq 3 by Icitrate,
the relationship between the intensity ratio and the
density ratio is given by

ICH2, n
Icitrate

¼ Falkanethiolate
Fcitrate

nþ c2(c2 > 0) (5)

Figure 4C presents the relationship between the
ratios in eq 5, and a plot yields a linear fit with a slope (r)
of 1.7. The slope directly represents the ratio of the
surface density of thiolates to citrates adsorbed on the
AuNP surfaces, as illustrated in Figure 4A, and there-
fore, the ratio is citrate/thiolate = 1:1.7. This is another
indication that a substantial amount of citrate remains
on the surface after the ligand exchange reaction. Note
that the measured S/Au ratio is a constant value
regardless of the chain length53 (inset, Figure 4B),
indicating that there is no chain length dependence
of surface coverage of alkanethiolates at least up to
dodecanethiol in this study. While the intensity of the
citrate C 1s signal increases as the length of coad-
sorbed alkanethiolates increases (Figure S14 in the
Supporting Information), the lowest value of citrate C
1s for the shortest alkanethiolate (n = 3) was incorpo-
rated into eq 5 as a constant value of the citrate
intensity. The reason for this is that the increase in
the citrate C 1s amplitude likely originates from the
structural change of adsorbed citrate anions rather
than an increase of surface density because the surface
atomic composition of sulfur does not change. As the
hydrogen-bonded COOH groups are transformed into
η1-COO� binding to the surface, consistent with the
enhanced intensity of νasy(η

1-COO�) (Figure S15 in
the Supporting Information), the C 1s intensities of
Au�COO� coordination at 288 eV proportionally
increase as the alkylthiol chain length increases. For
Cit-AuNPs purified by alkaline water, the C 1s intensity
ratio is relatively large due to the binding of terminal
carboxylate groups to the surface (n = 0 in Figure 4C).11

Therefore, the determined value of the slope is close to
an upper limit, which reflects the configuration of
citrate layers having the largest degree of COOH
hydrogen bonding between citrate anions in the pres-
ence of thiolate layers (Figure S16 in the Supporting
Information). The increased population of the η1-COO�

binding in the presence of the hydrocarbon chain
suggests that the adsorption of the alkanethiolate
has an impact on the configuration of the citrate, which
is evidence for the formation of a somewhat mixed
citrate/thiolate layer rather than larger, more distinct
domains of each ligand type. Using the alkanethiolate
footprint on Au(111) of 22 Å2 and assuming the
footprint of an extended H2Cit

� anion of 45 Å2, the
packing density of alkanethiolate on the AuNPs is only
0.45 ML (i.e., 2.0 alkanethiolates/nm2). Although the
obtained value of surface coverage of alkanethiolate is

precise, the value's accuracy is dependent on the
citrate footprint assumed. Therefore, we compare this
coverage valuewith that determined from another XPS
analysis based on a gold/sulfur atomic ratio.

A simple formula was derived to determine surface
composition of sulfur atoms onAuNPs, through normal-
izing Au 4f intensity for an apparent value of S2p/Au4f
ratio. Owing to the IMFP of 1.55 nm for gold under Al KR
excitation, the Au 4f signal includes a large contribution
from the metallic core beneath the outermost surface
(typical sampling depth, 3λ = 4.65 nm). If the fractional
contribution from surface Au atoms (Ausurf) to the total
Au4f intensity is quantified, the resulting ratio of S/Ausurf
can be used to assess surface coverage (θ) based on the
atomic composition ratio S/Ausurf = 1/3 for a monolayer
coverage.58 Thus, an equation for the composition ratio
of sulfur atoms (SNP) to topmost gold layers (Ausurf,NP)
can be derived for AuNPs:

SNP
Ausurf,NP

¼ 1
fAu

S
Au

(6)

where the term fAu is an XPS signal fraction of topmost
gold atoms,59 and S/Au is an apparent composition ratio
derived from peak areas with correction for sensitivity
factors. For example, measured values of S/Au ratios
for thiolate monolayers on planar gold surfaces in
the literature53 imply that only 13% of Au 4f signals
should come from the topmost gold layer, leading
to fAu,planar = 0.13, which results in (1/0.13) �
S/Au = 0.33 for a monolayer coverage. For AuNPs, we
concluded fAu,NP = 0.33 by analyzing reported values of
S/Au for the thiolate monolayer on citrate-free AuNPs of
similar sizes in the literature,wherein citrate anionswere
not introduced in the course of NP synthesis and surface
functionalization.60,61 A detailed comparison of S/Au
values with XPS instruments and experimental param-
eters is presented in the Supporting Information
(Table S3). The fAu = 0.33 is an empirically determined
value, but it can be evaluated theoretically by a
geometric ratio of surface area between a hemisphere
of NPs and a planar surface,56 fAu,NP = fAu,planar �
(2πR2/πR2) = 0.26 (Figure S17 in the Supporting
Information). This fraction deficiency compared to the
empirical valuemay result fromX-ray shadowing effects
for surface sulfur atoms.56 Based on eq 6 with fAu,NP =
0.33, the apparent value of S/Au = 0.0628 for AuNPs
functionalized with methyl-terminated alkanethiols in
this study was converted to θ = 0.19 (0.57 ML), which is
in accordance with the previously determined value of
0.45 ML based on the citrate/alkanethiolate coverage
ratio. Under Al KR excitation and common emission
angle of photoelectron detection, eq 6 with fAu,NP = 0.33
can be appliedwithout adjustment for largeAuNPswith
a diameter range ofg20nmdue to the similar surface to
volume ratio.46,59

By incorporating the apparent S/Au value for Py�SH
adsorbed on Cit-AuNPs into eq 6 and fAu,NP = 0.33,
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the packing density of 1.9 thiolates/nm2 is obtained.
This is in good agreement with the packing density of
Py�S� thiolate (2.4 thiolates/nm2, 0.53 ML) estimated
previously by adsorption isotherm analysis in this
study. Thiolate packing densities of AuNPs functiona-
lized with other types of thiols are summarized in the
Supporting Information (Table S4). The coverage va-
lues range from 0.52 to 0.64 ML, most likely depending
on the interaction between thiol functional groups and
citrate layers rather than hydrocarbon chain length or
thiol type. It is worth mentioning that thiolate surface
coverage does not increase for AuNPs dispersed in
solution without aggregation (see Figure S5 and
Table S4). Carboxyl-functionalized AuNPs show the
highest value of surface coverage (0.64 ML), although
those AuNPs aggregated spontaneously upon addi-
tion of thiols. Certain types of thiols, which did not
induce NP aggregation in 1 mM ethanol solutions
for more than 2 h, such as CH3O�(EG)4�C11�SH and
NO2�Ph�SH, do not produce higher surface cov-
erages (0.64 and 0.59 ML, respectively). Therefore, NP
aggregation and possible blockage of adsorption sites
on the surface of the NPs cannot be the reason for the
incomplete citrate displacement.

The surface coverage of alkyl and aryl thiolates on
AuNPs obtained in this study is in accordance with the
reported values in literature. The alkanethiolate density
on 42 nm Cit-AuNPs determined from the ninhydrin-
based assay by Xia and co-workers is 2.2 thiolates/
nm2.62 The density of 3.4 arylthiolates/nm2 for 13 nm
Cit-AuNPs was obtained by Zhang and co-workers,
determined from adsorption isotherm analysis.63 This
slightly large value may be attributed to the smaller
size of AuNPs having more contributions from edge
and vertex surfaces as well as probably due to a slight

deviation in AuNP surface area determination, similar
to our initial result of Py�SH packing density (3.0
thiolates/nm2) based on adsorption isotherm experi-
ments. Typically, the packing density of ∼6 thiolates/
nm2 is observed for small gold crystals with a diameter
of 3 nm,64,65 where the effect of nanoparticle curvature
due to edge and vertex sites significantly elevates the
thiolate coverage from the common value of 4.5
thiolates/nm2 on planar gold surfaces.2 The upper limit
of packing density of a close-packed SAM of alka-
nethiolates on the entire surface of a 10 nm icosahe-
dron AuNP is 5.3 thiolates/nm2, whereas the value is
4.8 thiolates/nm2 for a 40 nm AuNP.65 Considering the
significant amount of remaining citrate anions, a pack-
ing density of thiolates on Cit-AuNPs should be much
lower than the value for a close-packed SAM on AuNPs.
Our results are in accordance with other experimental
reports suggesting a less dense layer of alkanethiolates
on Cit-AuNPs.50,66

Model of Thiolate Coadsorption with a Hydrogen-Bonded
Citrate Network on the AuNP Surface. Figure 5 presents a
model of alkanethiolate adsorption on Au(111) used to
explain the measured thiolate/citrate ratio of 1.7.
At the vacant surface in a fully hydrogen-bonded
citrate network,11 there are approximately four thee-
fold hollow sites contingent on the common (

√
3 �√

3)R30� alkanethiol lattice. In other words, in the unit
cell possessing two Au�COO fragments, four thiolate
molecules can bind to the surface. This structure-based
model provides a maximum ratio of alkanethiolate to
adsorbed citrate species of 2.0 on Au(111). The esti-
mated structures of citrate layers on (110) and (100)
surfaces, which are the most common facets together
with the (111) surface for large AuNPs, are similar to
that on the (111) surface.11 Although surface coverage

Figure 5. Structural model of coadsorbed citrate and alkanethiolate layers on a AuNP (111) surface in nanometer-scale
domains. (A) Representative AuNP surface displaying only hydrogen-bonded citrate layers. Vacant areas are occupied by
acetoacetate, chloride, and non-hydrogen-bonded citrate, which are omitted for clarity. Surface gold atoms (orange spheres)
on a (111) surface are illustrated as a space-fillingmodel, whereas citrate and alkanethiolate molecules are depicted as a ball-
and-stick model. Cross (�) symbols represent the common (

√
3�

√
3)R30� alkanethiol lattice at accessible three-fold hollow

sites. (B) Proposed alkanethiolate (CH3�C9�S�) layers on the AuNP surface retaining citrate anions. Note that there is a
maximum of four alkanethiolates adsorbed in a vacant site, surrounded by the ideal network of citrate anions. An additional
single thiolate molecule can adsorb in the unit cell, depending on the extent of interference by dangling citrate species. A
similar coadsorption model is expected on a AuNP (100) surface. Inset: An entire surface of icosahedral Cit-AuNPs
functionalized by alkanethiol. Black areas on the surface represent adsorption sites of sulfur atoms of thiol ligands. Each
black dot in the facets consists of approximately four thiolatemolecules, and other facet areas are occupied by citrates. Edge/
vertex areas are covered by close-packed thiolate layers. Scaled approximately for a AuNP with a diameter of 15 nm.
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of alkanethiols on Au(100) (6.0 thiolates/nm2)67 is
much larger than the value on Au(111) (4.5 thiolates/
nm2), vacant areas between hydrogen-bonded citrate
networks limit the extent of surface area available for
adsorption of thiol molecules. Those vacant areas are
expected to be similar on Au(111) and Au(100), and the
maximum coverage ratio on the (100) surface of the
AuNPs is potentially closer to 2.0. Therefore, the thio-
lates are loosely packed on the facet surfaces, where
four thiolate molecules may be coadsorbed with one
dangling and two adsorbed citrate anions in the unit
cell area of 1.79 nm2,11 resulting in a packing density of
2.2 alkanethiolate/nm2. The theoretical values for fac-
ets are smaller than the experimentally determined
value of 2.6 alkanethiolate/nm2 for the entire surface of
AuNPs, and therefore, thiolates may form a denser
layer in edge or vertex areas. The coverage discrepancy
has been resolved by incorporating∼10% surface area,
which is likely an approximate fraction of edge and
vertex areas,68 with 6.0 thiolates/nm2 into calculating
thiolate packing density for the entire AuNP surface.
Without dangling citrates, one thiol molecule may be
adsorbed additively on facets. A predicted upper limit
of packing density of thiolates on 40 nm Cit-AuNPs is
3.1 thiolates/nm2 (0.69 ML), estimated using the larger
packing density on edge/vertex surfaces and assuming
adsorption of five thiol molecules in the unit cell of
facet surfaces without interference from dangling
citrate anions (see Table S4 for thiol coverage range).
In conclusion, the structure-based model of citrate

layers provides a basis for predictable packing density
and molecular-level description of thiol adsorption
on AuNPs.

Additional evidence for adsorption of thiolates in
surface regions lacking a stabilized citrate network
comes from analysis of the adsorption of dithiols on
the AuNP surface. Interestingly, IR data provide evi-
dence that dithiolate adsorption leads to an orienta-
tion change of dangling citrate anions, and this is
alkanedithiol-length-dependent. Themolecular length
dependence of dithiol adsorption can be correlated
with the size of the vacant area in the citrate network.
While adsorption of methyl-terminated alkanethiolate
exhibits a similar feature of ν(CdO) and ν(COO�) bands
regardless of chain length, alkanedithiol adsorption
significantly alters the shape and intensity of those
bands depending on chain length (Figure 6A). We
interpreted this nonmonotonic IR feature using the
model of citrate layers. For alkanethiolate adsorption,
the Au�COObond and the overall configuration of the
citrate network do not change due to the weak inter-
action between citrates and hydrocarbon chains. The
collective vdW force from alkanethiolates may not be
distinct among different chain lengths due to a similar
standing-up configuration via single Au�S bonds in
the vacant area. In contrast with alkanethiolate having
one sulfur atom, both sulfur atoms of dithiols can be
adsorbed on the surface, resulting in a lying-down
configuration. Thus, it is expected that the adsorbed
dithiolates interfere with the Au�COO bond and

Figure 6. Repulsive van der Waals forces between adsorbed alkanedithiolates and the citrate layer network on a AuNP
surface. (A) IR spectra in the regions of ν(CdO) and νasy(COO

�) for citrate layers on AuNPs after addition of alkanethiols
(CH3�Cn�SH, n = 5, 11, 15) and alkanedithiols (HS�Cn�SH, n = 3, 6, 9). Red and blue shaded regions highlight the ν(CdO) of
the cyclic COOH dimerization associated with dangling citrate at 1704 cm�1 and the ν(CdO) of the surface-specific acyclic
COOH dimerization at 1734 cm�1, respectively. Spectra for alkanethiolates/AuNPs exhibit an identical feature regardless of
chain length, whereas those for alkanedithiolates exhibit a nonmonotonic feature depending on chain length. The spectral
features reflect the degree to which thiolate hydrocarbons exert vdW repulsion over the citrate layer, indicated by a
subsequent orientation of dangling citrate. Spectrum traces are offset for comparison. (B) Structure-based model of
coadsorbed HS�C6�SH confined on a vacant site in the hydrogen-bonded citrate network on a AuNP (111) surface.
Adsorption of alkanedithiolate and subsequent vdW interactions leads to partial disruption of citrate hydrogen bonds and
results in a standing-up configuration of dangling citrate (inset). This force is maximized for HS�C6�SH transiently confined,
which is consistent with its unique IR spectrum. The vdW force from alkanethiolates is mainly governed by collective
adsorption via single Au�S bonds in the vacant area, and this is not distinct among different chain lengths. Surface gold
atoms (orange spheres) on a (111) surface are illustrated as a space-filling model, whereas citrate and alkanedithiolate
molecules are depicted as a ball-and-stick model.
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induce an orientation change of dangling citrate an-
ions through vdW interactions with adjacent alkyl
chains. The IR data are consistent with this hypothesis
(Figure 6A). For 1,3-alkanedithiol, the IR feature in the
ν(CdO) region is mostly similar to that for alkanethio-
lates because the 1,3-alkanedithiolate size is much
smaller than the vacant area and the dithiolates can
diffuse on the surface with negligible disruption of
adsorbed citrate. For 1,6-alkanedithiol, however, the
ν(CdO) at 1704 cm�1 associated with dangling citrate
is substantially decreased and ν(COO�) bands of
Au�COO are broadened. Figure 6B presents a structur-
al model suggesting that the 1,6-alkanedithiolate
molecule is tightly confined in a vacant area on the
Au surface but also, through diffusion, may severely
disrupt the original orientation of hydrogen-bonded
dangling anions leading to a standing-up configura-
tion (inset, Figure 6B). This perpendicular orientation
of the COOH dimer plane makes the ν(CdO) dipole
IR-inactive, as discussed previously (Figure 1A). For
1,9-alkanedithiolate, adsorption of one sulfur atom
may be dominant,69 and the intensity of the ν(CdO)
at 1704 cm�1 is recovered to some extent, with the
feature of ν(COO�) bands around 1540�1640 cm�1

being similar to that of 1,3-alkanedithiolate. The slight
shift of the peak at 1704 to∼1710 cm�1may reflect the
intramolecular hydrogen bonding between the term-
inal COOH and the central hydroxyl group for dangling
citrate (Table S1). The increase in transmittance mag-
nitude of the 1734 cm�1 bandmay arise by orientation
change of the acyclic COOH dimer. The unique IR data
from 1,6-alkanedithiolate adsorption are evidence of
the presence of a certain area of surface vacancy in the
2-D citrate network. Consequently, the size-specific
vacancy is indirect evidence of vdW contact between
citrate �CH2� fragments.

The inset in Figure 5B illustrates an overall structure
of thiolate layers on an icosahedral Cit-AuNP. A group
of four thiolate molecules form a mixed layer, with the
remaining citrate anions on facets, whereas thiolates
can form dense layers at edges and vertexes65 where
acetoacetate and non-hydrogen-bonded citrate
anions are completely displaced by thiols. Due to the
remaining citrate layer with a thickness of 8�10 Å,
interparticle spacing less than 1 nm cannot be
achieved, and this is supported by the experimental
observation that Cit-AuNP aggregation in ethanol
solution does not occur even when HS�C3�SH
and HS�C4�SH dithiol linkers are applied.11 More-
over, nonmonotonic behavior of thiol-functionalized
Cit-AuNPs is highly possible, which depends on both
molecular length and terminal functionality. When the
hydrogen bond of one end of the dangling citrate
species is disrupted due to a partial deprotonation of
carboxylic acid groups in a neutral pH condition or as a
consequence of molecular interactions, the terminal
carboxylate group of citrate anions can reach a

distance of 14 Å above the metal surface (inset
in Figure 6B). This thickness is comparable with
1-octanethiolate fully extended from the surface. The
stretched dangling citrates at the outermost ligand
layer promote interparticle attraction through inter-
layer hydrogen bonding.11 We predict a similar behav-
ior of the thiolate adsorption on Cit-AgNPs. Overall,
the inhomogeneous ligand layers on AuNPs can pro-
vide insight into molecular effects of local-curvature-
dependent packing density of thiolates as well as the
resulting flexibility, morphology, and surface charge of
the ligand layer. This detailed study of molecular over-
layers on large AuNPsmay provide clearer understand-
ing of NPs for interparticle assembly,70 interactions
with lipid bilayers,71 and intracellular uptake.72

Origin of the Strong Adsorption of Citrates on AuNP Surfaces.
The preconception for the easy displacement of ad-
sorbed citrate by thiol is based on the difference in the
chemisorption energy on a Au surface. The bond
strength of thiolates (Au�S) is about 40 kcal/mol,
whereas the Au�OCOOH bond strength is about
2 kcal/mol, for which the latter was estimated by
conductance values of molecular junctions.9 Unlike
the monodentate form of citrate adsorption, however,
intermolecular interactions between surface citrates
play an important role in the strong adsorption of
citrate on AuNPs. Particularly, the strength of hydrogen
bonds of carboxylic acid groups between adjacent
citrates is remarkable (∼7 kcal/mol per bond of car-
boxylic acid dimers at room temperature)73 compared
to the single Au�OCOOH interaction. Although the
low surface coverage of the hydrogen-bonded citrate
species on AuNPs11 allows the potentially vacant
surface area to be sufficient for adsorption of incoming
ligands, the enthalpy gain from intermolecular inter-
actions of surface citrates leads to a significant barrier
to spontaneous desorption in a ligand exchange pro-
cess. Thus, a facile citrate-to-thiol exchange does not
necessarily occur on the AuNP surface. The pervasive
assumption about citrate displacement based on the
weak gold�carboxylate interaction fails to accurately
describe the ligand exchange process.

The coadsorbed thiolates and citrates lead to the
formation of a closely packed mixed layer on AuNPs.
The structural model of citrate adsorption on gold
surfaces suggested that the spacing of �CH2� moi-
eties between adjacent adsorbed citrates is within
contact distance for vdW attraction (5.0�5.8 Å). Steric
hindrance of the consequent layer likely prevents
incoming thiols from binding to themetal surface. This
makes ligand exchange kinetically unfavorable. Murray
and co-workers found that most of the ligand ex-
change reactions between adsorbed and incoming
thiols on gold clusters occur fast at vertex and edge
sites, whereas the exchange reactions on terrace sites
are very slow.74 When the high ratio of terrace sites
on the large AuNPs is taken into consideration, the

A
RTIC

LE



PARK AND SHUMAKER-PARRY VOL. 9 ’ NO. 2 ’ 1665–1682 ’ 2015

www.acsnano.org

1677

citrate-to-thiolate exchange may not practically occur
on facets once the vacant areas are occupied by thiols.
Even polynuclear iron(III)�citrate complexes exhibit
slower dissociation of citrate by incoming ligands than
do di- or trinuclear species due to the steric effect.75

For the phosphine-to-thiol exchange, Hutchison and
co-workers demonstrated complete displacement of
the adsorbed triphenylphosphine (PPh3) by incoming
thiols using NMR spectroscopy.76 This facile ligand
exchange occurs due to negligible terrace sites and
negated steric hindrance in the small nanocrystals
(1.5 nm) as well as a lack of strong intermolecular
interactions between phosphines. For the citrate-to-
thiol exchange, the complete exchange reaction
occurs for acetoacetate and non-hydrogen-bonded
citrate anions mostly at vertex and edge sites. In
addition to the steric hindrance, the chelate effect of
the entire network of citrate layers can play a critical
role in adsorption strength of the polydentate citrate
on a surface.

Surface Composition and Anion Organization at the Metal
Surface. The study of the citrate-to-thiol ligand
exchange enables us to suggest a detailed surface
composition and structure for as-prepared Cit-AuNPs.
In a previous study, we estimated that the composition
ratio of acetoacetic acid to surface citrate was ∼2.3 by
analyzing the intensity ratio of XPS C 1s for carbonyl
and carboxyl carbons. However, the ratio can deviate
significantly, depending on the degree of protonation
of carboxylic acid groups. For instance, the composi-
tion ratio changes from 2.3 to 1.2 upon considering a
deprotonated form of acetoacete in the XPS analysis
(see page S18 in ref 11). Epple and co-workers precisely
determined a surface density of 3.1 citrates/nm2, by
elemental analyses of carbon, hydrogen, and gold for
Cit-AuNPs with a diameter of 17�20 nm.35 This yields
∼5.5 citrate anions per unit cell of 179 Å2, approxi-
mately equivalent to a total of three citrate and three
acetoacetate anions. Their experimental result is in
good agreement with our XPS analyses and citrate
assembly model.

Wealso indentify chemical species of chloride ions as
Cl� adsorbed on metallic Au(0) surfaces. Gold chloride
Au(I)�Cl� may be present on the AuNP surface, but we
considered partial charge transfer from chloride ions to
metallic gold atoms.77 The XPS Au 4f spectrum of as-
prepared Cit-AuNPs fits with inclusion of negative gold
ions, that is, the Au(�1) state,78 and this fraction is not
negligible since the Au 4f ratio of Au(�1)/Au(þ1) is 0.9
(Figure S18 in the Supporting Information). This is
consistent with the unusually high BE of Cl 2p3/2 at
200.3 eV (Figure S7 in the Supporting Information).
While charge transfer from metallic Au(0) surfaces to
Cl adatoms occurs due to the high electronegativity of
Cl,45 XPS Au 4f and Cl 2p spectra in this study support
charge transfer from Cl� to metallic Au(0). Using eq 6
results in 1.4 chlorides/nm2, only by incorporating the

peak areas of Cl 2p3/2 at 200.3 eV with its doublet.
Adsorption strength of Cl� is comparable to those of
oxyanions such as SO4

2� and OH�.39 The large value of
surface coverage by chloride ions may reflect the high
solution concentration of chloride ions.38

Another striking outcome applying eq 6 to
alkanethiolate-functionalized AuNPs is the fraction
of oxidized gold atoms Au(I) of 0.30 ( 0.03, that is,
Au(I)/(Au(I) þ 0.33 � Au(0)), taking into account only
the outermost metallic layers. In other words, one of
every three surface gold atoms is oxidized. Once
Cit-AuNPs are exposed to solution, the Au(I) fractions
become constant irrespective of the amount of
thiolates adsorbed on the AuNPs (Figure S19 in the
Supporting Information), suggesting that thiol adsorp-
tion does not oxidize surface gold atoms. For as-
prepared Cit-AuNPs, the surface fraction of Au(I) oxida-
tion state is 0.14, and hence, the oxidation states of the
AuNP surface and a pristine gold surface are quite
different. Positively charged metal surfaces of AuNPs
may enhance adsorption stability of citrate, and con-
sequently, the extent of surface gold oxidation may be
well-balanced with citrate organization.

It is surprising that the determination of the surface
composition of Cit-AuNPs is scarce in the literature. We
used the report by Epple and co-workers in order to
discern the coverage fraction of citrate from aceto-
acetate for Cit-AuNPs. Table 1 summarizes the surface
compositions of Cit-AuNPs as prepared and upon thiol
functionalization.

Figure 7 presents the most probable structure of
overlayers on the Cit-AuNP surface. The surface cover-
age by citrate/acetoacetate anions based on the report
by Epple and co-workers is about 1 ML, contrary to the
high coverage by chloride ions in this study (Figure 7A).
The two experimental results can be reconciled by in-
corporating an additional layer of citrate/acetoacetate
anions physisorbed on top of the adsorbate layer in
direct contact with the metal surface. Epple and

TABLE 1. Surface Chemical Composition of Cit-AuNPs

before/after Thiol Functionalization

Cit-AuNP

as-prepared

after

functionalization

surface metalsa (%) Au(0) 86b 70c

Au(I) 14 30 ( 2.9
overlayersd (molecules/nm2) citratee 1.7 1.7

acetoacetatee 1.7 0
chloridef 1.4 0
thiol 2.2�3.1g

a Au(III) content was not included: <2%. b Au(�1) fraction is included. c Oxidized
once exposed to ethanol solutions. d Species directly adsorbed on the metal surface
are presented. e Based on the carbon content in ref 35. This value may be
overestimated due to possible physisorption of organic residues in the citrate/
acetoacetate layer. f The observed XPS ratio of Cl� to Au(�1) is 0.8. Only
Au(0)�Cl� species are included. g Dependent on the degree of which organization
of dangling citrates is disrupted by thiol functional groups.
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co-workers removed most of the water solvent from
the as-prepared Cit-AuNP solution by using an eva-
porator. After this step, most of the acetone bypro-
ducts were likely eliminated, but other byproducts,
including acetoacetate, acetate, and chloride ions,
remained in the condensed AuNP solution. In a sub-
sequent purification, they dispersed the resulting AuNP
solution in water and then centrifuged for elemental
analysis. In the final centrifuged AuNPs, relatively large
organic anions, such as citrate and acetoacetate, might
be physisorbed and trapped between the AuNPs
(Figure 7B). This may result in an overestimated value
of surface coverage by organic anions. In a previous
study, we applied one cycle of centrifugation to obtain
the sample of as-prepared Cit-AuNPs, likely having
additional organic layers.11

Based on the model of citrate assembly, two or
three molecules of acetatoacetate can be adsorbed at
surface regions free of adsorbed citrate (Figure 7A). The
size of a chloride ion used in thismodel is∼1.8 Å,44 and
on this basis, we estimate that up to four Cl� ions may
be adsorbed in the unit cell on Au(111). Considering
partial charge transfer to gold surfaces, the actual size
of Cl� adsorbed on the surface may be smaller than
1.8 Å, and thus, more than four Cl� ions can be present
at the vacant area per unit cell. The overlayer structure
on Au(100) may exhibit a similar arrangement, and the
disordered citrate layer may exist to some extent for
both facets. Due to the positively charged gold surface,
anions rather than the water solvent or Naþ ions are
expected to be adsorbed on the surface of the
AuNPs.79 If the charge of themetal surface was neutral,
water adsorption would be dominant.79

CONCLUSION

We demonstrated that citrate anions preadsorbed
on AuNPs are not readily displaced by incoming aryl

and alkyl thiols. Due to the stable network of hydrogen-
bonded dihydrogen citrate species, coadsorption of
thiols on facet areas occurs rather than a facile ligand
exchange. Intermolecular interactions and consequent
steric and chelating effects of the entire citrate layer are
taken into account for the strong adsorption of citrate
anions under thiol functionalization, although the
Au�OCOO� bond is muchweaker than the Au�S bond.
The primary factor of the difference in single bond
energies is not sufficient to predict ligand exchange
processes for metal nanoparticles.
Residual citrate anions were probed by unique IR

frequencies of carboxylic acid dimerization on the
AuNP surface, which is distinguished from acetoace-
tate, as well as carboxylate coordinated to Au atoms
(Au�COO�). IR and XPS data indicate that ligand
exchange mainly occurs between thiols and acetoace-
tate anions. The coverage ratio of coadsorbed alkane-
thiolates (CH3�(CH2)n�S�) to remaining citrates is
1.7 for ∼40 nm Cit-AuNPs, determined by plotting XPS
intensity ratios of C1s(CH2)/C1s(citrate) with respect to
the CH2 unit (n). The atomic composition ratio of sulfur
atoms (S 2p) to outermost gold atoms (Au 4f) suggests
that packing densities of various alkyl/aryl thiolates
range from 0.5�0.65 ML (monolayer) compared to
a common SAM of 1 ML coverage on planar gold
surfaces, depending on the extent of interaction be-
tween thiol functional groups and dangling citrate
anions. We found that the packing density is indepen-
dent of the chain length of alkanethiolates at least up
to dodecanethiol. The structure-based model of
citrate/thiolate coadsorption on Au(111) and Au(100)
is in excellent agreement with the experimental results
of citrate/thiolate and thiolate/gold(surface) composi-
tion ratios. The predicted upper limit of surface density
of thiols on Cit-AuNPs is 3.1 thiolates/nm2 (0.69 ML).
The structural modeling and quantitative XPS analyses

Figure 7. Proposed structure of overlayers on the Au(111) surface of Cit-AuNPs. (A) Adsorbate overlayers in direct contact
with the metal surface (orange spheres), which consist of citrate, acetoacetate, and chloride anions (green spheres). Gold
atoms and chloride ions are illustrated as a space-fillingmodel. Surface Au(I) locations are unknown. The Au(100) surfacemay
exhibit a similar structure of overlayers. (B) Physisorbed organic layer on top of the adsorbate layer, which is likely remaining
on the AuNPs without extensive purification procedures. Naþ ions, additional Cl� ions, acetate anions, and water molecules
are also present but omitted for clarity.
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suggest that thiol functionalization on Cit-AuNPs pro-
duces a less dense layer of thiolates on AuNPs. IR data
suggest that hydrocarbon chains of alkanedithiolates
exert repulsive vdW forces, making dangling citrates
orient outward from the surface at the expense of
citrate hydrogen bonding. Our study highlights the
detailed structural characterization of buried metal/
organic interfaces for large AuNPs that have been
functionalized with various thiols for fundamental
studies and biomedical applications. Consistent with
this study and the literature, a surface chemical
composition for citrate, acetoacetate, and chloride
adsorbed on the metal surface of Cit-AuNPs as well
as surface fraction of Au(I) oxidation state was
proposed.

Intermolecular hydrogen bonds between adsorbed
surfactants should be considered carefully in con-
junction with adsorption strength of anchoring moi-
eties.80 SAMs consisting of weakly coordinated 1,2-
dicarboxylic11 and possibly phosphonic acids81 or
phosphate-based molecules on gold surfaces can be
effective when strong hydrogen bonding produces a
formation of network layers. This can be an alternative
approach for thiol-based molecular layers that are
subject to oxidation under ambient conditions and
desorb from surfaces.1,2 This study can open avenues
for exploring methodologies toward formation of
stable SAMs on noble metal surfaces using low-cost,
non-oxidizing carboxylate or phosphate/phosphonate
compounds.

METHODS
Materials. All chemicals were used as received without

further purification unless otherwise stated. Tetrachloroaurate
(HAuCl4 3 3H2O), trisodium citrate (Na3C6H5O7 3 2H2O), 1-buta-
nethiol (99%), 1-hexanethiol (95%), 1-heptanethiol (98%),
1-octanethiol (98.5%), 1-decanethiol (96%), 1-undecanethiol
(98%), 1-dodecanethiol (98%), 1,3-propanedithiol (99%), 1,6-
hexanedithiol (96%), and 4-mercaptopyridine (95%) were
purchased from Sigma-Aldrich. 4-Nitrothiophenol (99%),
11-mercaptoundecyl trifluoroacetate (99%), 1,9-nonanedithiol
(99%), and methoxy-capped tetra(ethylene glycol) undeca-
nethiol (99%, HS(CH2)11(OCH2CH2)4OCH3) were obtained from
Asemblon (Redmond, WA). Ethanol (EtOH, 200 proof, Pharmco-
Aaper or Decon Laboratories) and sodium hydroxide (NaOH,
Mallinckrodt Chemicals) were obtained from aforementioned
companies. Water was used after purification (Barnstead Nano-
pure Diamond UV-UF, 17.8 MΩ/cm). All glassware was washed
with aqua-regia (3:1, HCl/HNO3) 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, H2SO4/30% H2O2). Caution! The
piranha and aqua-regia solutions are highly corrosive, andmixing
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 �C at least for 2 h.

Cit-AuNP Synthesis. AuNPs were synthesized using the Frens
method.11 Briefly, HAuCl4 3 3H2O (0.0232 g) was dissolved in
water (200mL), andNa3citrate 3 2H2O (0.0227 g)was dissolved in
water (1 mL) and added to the boiling gold salt solution all at
once with stirring. Heating continued for an additional hour,
and the resulting AuNP solution was cooled to room tempera-
ture with continuous stirring. The final AuNPs have an average
diameter of 39 nmwith∼25% deviation and exhibit an absorp-
tion maximum (λmax) at 535 nm.

Addition of Thiol Solutions to Cit-AuNPs. Typically, 10 mL of the
39 nm AuNP solution in a tube was centrifuged once at
4000 rpm for ∼30 min, and the resulting supernatant solution
was discarded by using a pipet without disturbing aggregated
AuNPs at the bottom of the tube. The rest of the centrifuged
AuNPs (final volume <50 μL) were 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 about
270 molar equiv for monolayer formation on AuNPs. The
reaction mixture was left at room temperature for more than
2 h without stirring. The functionalized AuNPs were centrifuged
and dispersed in ethanol three times to remove displaced
citrates and excess thiols present in solution. Obviously, thiols
(R�SH) initially physisorbed on the surface of AuNPs are
transformed into thiolates (R�S�) for Au�S bond formation,
and this was confirmed in this study because, typically, no

ν(S�H) vibration around 2560 cm�1 was observed (data not
shown) and XPS S 2p spectra for functionalizedAuNPs exhibited
only thiolate species2 (Figures S10 and S11 in the Supporting
Information). The resulting∼100 μL solution of AuNPs was used
to prepare samples for IR and XPS analyses.

Adsorption Isotherm of Arylthiolates on AuNPs. To study the early
stages of adsorption of 4-mercaptopyridine (Py�SH) on
Cit-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
(1/6e xe 1.00, for a monolayer coverage, x = 1.00), a fractional
surface area smaller than the entire surface of AuNPs can be
functionalized. A sphere with a diameter of 35 nm (calculated
surface area = 3.8� 10�11 cm2) and the packing density of 4.3�
1014 benzenethiols/cm2 were used to calculate the fractional
amounts of Py�SH to be added. This estimation does not
account for deviations in the particle size. The number of AuNPs
in solution was estimated using the extinction coefficient for
35 nm in the literature (6.1 � 109 M�1cm�1).82 Six tubes each
containing 10 mL of as-prepared Cit-AuNP solution were cen-
trifuged once. The resulting AuNPs that aggregated at the
bottom of all six tubes were collected and redispersed in a vial
containing ∼4 mL of ethanol. The final volume of the AuNP
solution redistributed from six tubes was adjusted to 6.0 mL.
AuNP loss of 25% during the initial centrifugation was corrected
by measuring the absorbance. Into ∼1.0 mL of redispersed
AuNP solution in ethanol were added 268 μL (x = 1/6), 2 �
268 μL (x = 2/6), 3 � 268 μL (x = 3/6), 4 � 268 μL (x = 4/6), 5 �
268μL (x=5/6), and 6� 268μL (x=6/6) of 1.4� 10�5Mof Py�SH
ethanolic solution all at once. The final volume of each solution
was adjusted to 2.61 mL by adding the decremented volume of
ethanol, and the resulting solution was left at room temperature
for 72 h. The functionalized AuNP solution was centrifuged once
without further redispersion and centrifugation steps tominimize
possible desorption of the arylthiol. The final volume of centri-
fuged AuNP solution is less than 100 μL, and thus, the amount of
leftover thiols in the collected solution is negligible.

UV�Vis Absorption Spectroscopy. Absorbance of AuNP solution
was collected for a spectral range of 400�800 nm using a
PerkinElmer Lambda 19 UV/vis/NIR spectrophotometer.

Attenuated Total Reflectance Infrared Spectroscopy. A PerkinElmer
Spectrum 100 Fourier transform infrared 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�1 after ethanol in the samples had
evaporated. ATR spectra were not baseline-corrected. Decon-
volution was performed by peak fitting analysis using Lorent-
zian or Voigt functions in OriginPro 8.5.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectra
were collected using amonochromatic Al KR source (1486.6 eV)
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with a power of 144 W on a Kratos Axis Ultra DLD instrument
(Chestnut Ridge, NY) without sputtering. The base pressure was
2 � 10�9 Torr. The incidence angle of the incoming X-ray was
54.7�, and the electron takeoff angle was 90�. Typically, the
X-ray beam generates a 300 � 700 μm2 spot size. A drop-cast
film of the functionalized AuNPswas prepared on siliconwafers,
and complete coverage of the AuNP film was identified by the
absence of Si peaks. Survey spectra were recordedwith the pass
energy of 160 eV (1 eV steps, 200ms 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 binding energies
shifted by substrate chargingwere corrected by referencing the
C 1s peak of adventitious carbon to 284.8 eV. Data analysis was
performed with CasaXPS software. The background was sub-
tracted by the linear or Shirely's method, which was used as a
baseline for determining peak areas. Each deconvolution into
component peaks was performed with an identical full width at
half-maximum. XPS peak areas for S 2p and Au 4f were obtained
including spin�orbit doublets. Au(þ1) oxidized species at a
lower BE was included in peak areas of Au 4f. Typically, S 2p3/2 =
162 eV and Au 4f7/2 = 84.0 eV along with Au(þ1) 4f7/2 = 84.7 eV.
Relative atomic compositionswere obtained fromdividing peak
areas by XPS sensitivity factors. Those relative intensities were
used in XPS plots.

Modeling. A structural model of molecular adsorption on
Au(111) was constructed with molecules accurately scaled to
the Au�Au interatomic spacing of 2.88 Å, as described in a
previous study.11 Briefly, Au2-citrate clusters were generated
by a ChemBio3D program and used for scaling on Au(111).
Molecules' 3-D structures are snapshots captured in ChemBio3D.
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