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S
urface modification via self-assembled
monolayers (SAMs) is revolutionizing
how surfaces and interfaces are mod-

ified for applications in biosensors, biotech-
nology, chemical sensors, and molecular
electronics.1�12 A wide variety of ligands
(i.e., amine, carboxylate, isocyanide, phos-
phine, and thiol)13�18 form SAMs on gold
films1 and colloidal particles;5,19�24 how-

ever, thiol/disulfide surface attachment
groups are widely employed because of
the strong bond that forms between gold
and sulfur.1 Self-assembly of alkanethiols
onto a metal surface can occur in either
organic4,6,13 or aqueous17,25,26 phases, with
the latter being predominate for solution-

phase nanoparticles with diameters greater
than 10 nm.12,24,27 In all cases, the stability
of solution-phase nanoparticles can be
improved with SAMs, thereby increasing
their usefulness in biology, catalysis, and
nanotechnology.5,22,25�41

Predictable utilization of thiol-functiona-
lized gold nanoparticles in any application
relies on the reproducible assembly of SAMs
on their surfaces. Alkanethiol chains com-
posed of more than 10 carbon atoms pro-
duce SAMs that are more highly ordered
and oriented with increased molecular
packing densities than shorter chains.42,43

These SAMs, however, generally contain at
least three types of defect sites: pinholes,
gauche defects in alkyl chains,44 and col-
lapsed-site defects which arise from (1) im-
perfect adsorption of alkanethiols during
the self-assembly process, (2) thermally
and tilt-order driven chain dynamics, and/
or (3) loss of thiols during rinsing, storage,
and use.42,45 For thiols on flat gold surfaces,
the fraction of these defect sites to the total
surface area is estimated at ∼5�10%.46�48

While the influence of alkanethiol chain
length, anchoring group, chemical com-
position, immersion time, and substrate
topography was previously investigated
for nanoparticles,42,49�51 no evaluation of

defect sites on solution-phase nanoparticles
and implications thereof was performed.
In these studies, we investigate how the

ionic strength of the dielectric medium im-
pacts the self-assembly of thioctic acid on
the surface of gold nanoparticles. Specifi-
cally, an increase in NaCl concentration
during alkanethiol incubation increases
the packing density of thioctic acid SAMs
on gold nanoparticles by 17%, while their
stability increases by approximately the
same magnitude versus control studies.
During SAM modification, the core size
and optical properties of the gold nanopar-
ticles will be shown to remain statistically
unchanged as revealed by transmission
electron microscopy (TEM) and extinction
spectroscopy, respectively. In contrast, zeta
potential and X-ray photoelectron spectros-
copy (XPS) will reveal that the effective sur-
face charge and sulfur to gold atomic ratio
of functionalized gold nanoparticles, re-
spectively, vary systematically then saturate
as the estimated SAM packing density equi-
librates. Estimations of the ionic strength
dependent electrostatic interaction energy
between carboxylic acid terminal groups in
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ABSTRACT Self-assembled monolayer (SAM) modification is a widely used method to improve

the functionality and stability of bulk and nanoscale materials. For instance, the chemical

compatibility and utility of solution-phase nanoparticles are often improved using covalently

bound SAMs. Herein, solution-phase gold nanoparticles are modified with thioctic acid SAMs in the

presence and absence of salt. Molecular packing density on the nanoparticle surfaces is estimated

using X-ray photoelectron spectroscopy and increases by ∼20% when molecular self-assembly

occurs in the presence versus the absence of salt. We hypothesize that as the ionic strength of the

solution increases, pinhole and collapsed-site defects in the SAM are more easily accessible as the

electrostatic interaction energy between adjacent molecules decreases, thereby facilitating the

subsequent assembly of additional thioctic acid molecules. Significantly, increased SAM packing

densities increase the stability of functionalized gold nanoparticles by a factor of 2 relative to

nanoparticles functionalized in the absence of salt. These results are expected to improve the

reproducible functionalization of solution-phase nanomaterials for various applications.

KEYWORDS: gold nanoparticles . self-assembled monolayers . thioctic acid .
nanoparticle stability
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the SAM provide a rational explanation for these
experimental observations. Significantly, nanoparticles
functionalized in the presence of salt will be shown to
be approximately twice as stable as nanoparticles
prepared in the absence of salt. These data support
that SAM packing density increases as a function of
increasing NaCl concentration, thereby suggesting
that the density of pinhole and/or collapsed-site de-
fects on nanoparticle surfaces is reduced. Better con-
trol in alkanethiol packing density as a result of a salt-
mediated SAM assembly on gold nanoparticles will be
fundamental in achieving reproducible gold nanopar-
ticle covalent functionalization and their subsequent
utility in applications and new technologies.

RESULTS AND DISCUSSION

Structural Characterization of Thioctic Acid Functionalized Au
Nanoparticles. Figure 1 depicts the self-assembly of thioc-
tic acid on gold (Au@TA) nanoparticles. After initially
functionalizing these nanostructures with thioctic acid
and allowing them to incubate for 16 h, NaCl is added
incrementally in 8 h incubation steps to promote thioc-
tic acid self-assembly. Au@TA nanoparticles remain
stable up to 16 mM salt concentrations. Above this
concentration, Au@TA nanoparticles begin to aggre-
gate, as indicated by the growth of a characteristic
low-energy (∼620 nm) extinction band (data not
shown). Because each salt-containing gold nanoparticle
aliquot was allowed to incubate for 8 h, time control
assays (i.e., equal incubation times in the absence of salt)
are included. Structural analysis of these nanostructures
via TEM reveals that average nanoparticle size does not
change significantly throughout the SAM formation
process (in the presence or the absence of salt) (Figure
S1). A representative TEM image of Au@TA nanostruc-
tures is shown in Figure 1B. As expected, Au@TA
nanoparticles are spherical and exhibit ameandiameter
of 11.61 ( 0.98 nm.

Noblemetal nanoparticles (copper, gold, silver, etc.)
exhibit strong extinction properties in the visible re-
gion of the electromagnetic spectrum,52�59 which are
sensitive to changes in nanoparticle shape, size, stabi-
lity, and local dielectric constant (i.e., the surrounding
medium and/or surface modifications).60,61 Localized
surface plasmon resonance (LSPR) spectra arise when
the incident photon frequency is in resonance with the
collective oscillation of the conduction electrons in the
nanoparticles.62 Figure 1D shows the LSPR spectra of
citrate-stabilized gold (Au@citrate) (0 h) and Au@TA
nanoparticles after being functionalized in thioctic acid
at varying salt concentrations. To ensure that bulk
refractive index changes are not impacting these sen-
sitive optical properties, the nanoparticles were washed
and redispersed in 20 mM borate buffer (pH 9) prior
to each measurement. The gold nanoparticles exhi-
bit an extinction maximum (λmax) at ∼518 prior to

functionalization. After exchange with thioctic acid,
the λmax shifts to∼521 nm. This value does not change
significantly with increased incubation time and is indi-
cative of stable, electromagnetically isolated nano-
structures. Because thioctic acid chemisorbs to the surface
of gold nanoparticles, the observed optical properties
are consistent with an increase in local refractive index
upon thioctic acid conjugation.

Surface Charge Characterization of Au@TA Nanoparticles. To
verify that salt concentration is influencing the surface
coverage of thioctic acid on the Au nanoparticle sur-
faces, zeta potential measurements (in mV) were carried
out as a function of time in both the presence and
absence of salt. Figure 2 summarizes these average
(effective) surface charge data. For clarity, both control
(no NaCl) and salt (with NaCl) data are plotted versus

time (i.e., the incubation time for gold nanoparticles in
the thioctic acid solutions). It should be noted that the
surface pKa values for carboxylic acid terminated SAMs
differ from solution values ranging from 4.5 to 7.63�66

For all Au@TA nanoparticle samples studied, the sur-
face potentials exhibit a negative value at pH = 9,
which arise from the deprotonation of terminal

Figure 1. Slow addition of NaCl to Au@TAnanoparticles. (A)
Structure and proton assignments used for thioctic acid. (B)
Representative TEM image of Au@TA nanoparticles
(average diameter, d = 11.61 ( 0.98, N = 311). (C) Schematic
of the proposed mechanism for thioctic acid packing with
the slow addition of NaCl. (D) Extinction spectra of Au@TA
nanoparticles equilibrated for 0�72 h. The inset shows an
enlarged view of the extinctionmaxima (λmax = 518 nm and
∼521 nm for 0 and 16�72 h, respectively) in 20 mM sodium
borate buffer (pH = 9).
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carboxyl acid groups of thioctic acid molecules bound
to the nanostructures.

Previous studies revealed that carboxylic acid func-
tionalized gold nanoparticles exhibited negative zeta
potential values that ranged from 36 to 60 mV (pH
9).63,67,68 As shown in Figure 2, the zeta potentials of
Au@TA nanoparticles are dependent on both time and
salt addition. In the absence of NaCl, the zeta potential
magnitude ranges from �23.9 to �30.1 mV, a change
of 6.2 mV, as incubation time increases. Similar trends
are observed for Au@TA nanoparticles prepared in the
presence of NaCl; however, the surface potentials
range from �23.9 to �33.8 mV, a change of 9.9 mV, a
change that is 60% greater than when salt is not
present during ligand exchange.

To further investigate the differences between
ligand exchange reactions in the absence and pre-
sence of salt, the zeta potential curves are evaluated
using an exponential fit. From these fits, a (theoretical)
saturated zeta potential is calculated at �30.4 and
�34.5 mV for Au@TA nanoparticles incubated in the
absence and presence of NaCl, respectively. Although
the zeta potential magnitude increases with increasing
incubation time, the addition of NaCl during thioctic
acid functionalization produces a greater zeta poten-
tial magnitude increase (vs controls). These surface
charge differences support that molecular surface
coverage (i.e., thioctic acid packing density) increases
on gold nanoparticles when salt is present during
functionalization versus control studies.

1H NMR of Au@TA Nanoparticles. Recently, 13C and 1H
NMR were applied to characterize molecules adsorbed
to the surface of nanomaterials.69 Four significant
spectral characteristics are generally observed: (1) peak
broadening,70 (2) free ligand signatures superimposed
on the surface-bound ligand spectrum,71 (3) chemical
shift differences between free ligand and surface-
bound ligands,71 and (4) magnetic field variations for
the ligand that depend on the distance of the proton
from the nanomaterial surface,72 as well as on

nanoparticle composition and size.73,74 Similar obser-
vations are made for Au@TA nanoparticles. 2D COSY
studies (Figure S2) were performed to determine the
proton assignments shown in Figure 1A. In comparison
to free ligand studies, spectral features for thioctic acid
are significantly broadenedwhen bound to gold nano-
particles (Figure S3), thereby verifying the molecules
sampled are chemisorbed to the nanoparticle surface
and not free in solution. This is an important spectral
observation given that no superimposed bands are
observed in these spectra.

Table 1 summarizes the average chemical shift data
for thioctic acid free in solution (no nanoparticles) and
bound to nanoparticle surfaces. At least four spectral
features are notable. First, the methylene protons on
carbons 7 and 6 exhibit no significant chemical shift
differences between free and surface-bound ligands.
This suggests that these protons are farthest from the
nanoparticle surface and thereby possess the highest
degree of entropy or solution-like behavior relative to
the other protons.75,76 Second, a greater degree of
upfield chemical shift difference is observed for the
methylene protons on carbons 5 and 4. As discussed
previously, chemical shift differences between free and
nanoparticle-bound NMR signatures increase as the
distance from the nanoparticle surface decreases.72

Following this reasoning, the degree of upfield shift
differences for a given proton can be used to gauge its
average distance from the nanoparticle surface relative
to other protons. Finally, although the protons on
carbon 2 are detectable, the protons on carbons 3
and 1 are not observed because of significant signal
broadening, which leads to minimization of the signal-
to-noise ratio of these peaks. As expected, these data
suggest thioctic acid is attached to the surface of the
gold nanoparticle via the dithiol ring with the car-
boxylic acid extending out into solution.

X-ray Photoelectron Spectroscopy of Au@TA Nanoparticles.
Both LSPR and zeta potential data indicate that the
slow addition of salt increases the packing density of
thioctic acid on the gold nanoparticle surface. To verify
this, quantitative information regarding the efficiency
of thiol immobilization and the nature of thiol�gold
interactions are probed using X-ray photoelectron

Figure 2. Zeta potential measurements for 2 nM Au@TA
nanoparticles prepared in the presence and absence of
NaCl. Nanoparticles were rinsed and suspended in 20 mM
sodium borate buffer (pH = 9) prior to each measurement.
The solid lines represent exponential fits for the zeta poten-
tial vs incubation time data: “No NaCl” y = �14.75e

�x/20.0

� 30.43 and “With NaCl” y = �20.52e
�x/23.5 � 34.50 .

TABLE 1. 1H NMR Chemical Shifts, δ in ppm, for Thioctic

Acid Free in Solution and Bound to Au Nanoparticles

proton

assignment

free ligand

(ppm)

nanoparticle bound

(ppm)

chemical shift difference

(δ ppm)

7 2.05 2.05 0.00
6 1.50 1.45 0.05
5 1.38 0.80 0.58
4 1.60, 1.70 1.10 0.50, 0.60
3 3.65 not observed
2 1.90, 2.40 1.70, 2.10 0.20, 0.30
1 3.15 not observed
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spectroscopy. Previously, thioctic acid functionalized
gold thin film analysis revealed that the S 2p region
exhibited a doublet with a 1.2 eV splitting energy and
binding energies centered at ∼162 and 163.2 eV for
molecules directly bound to the gold surface.77�82 As
shown in Figure 3A, Au@TA nanoparticles that are
rinsed once exhibit S 2p photoelectron spectral fea-
tures consistent with bound and unbound thioctic acid
molecules. Repeated rinsing, however, leads to the
disappearance of the high binding energy (BE) S 2p
bands associated with unbound thioctic acid.83

Figure 3B reveals XPS spectra of Au@TA nanoparticles
prepared in the absence and presence of salt after
sufficient rinsing. In these data, a single S 2p doublet is
observed. While the S 2p photoelectron spectra exhibit
weak signal strengths because of the submonolayer to
monolayer thioctic acid surface coverage on the
nanoparticle surfaces, these findings indicate that the
majority of the signal is attributed to surface-bound
thioctic acid molecules.

To evaluate how incubation time and/or salt con-
centration impacts thioctic acid surface coverage, the S
2p doublet signal strength was monitored. Figure 3B
compares S 2p spectra for Au@TA nanoparticles pre-
pared after the addition of 0 and 16 mM NaCl upon
incubation for 72 h. Signal correction of the S 2p peak
area to the gold 4f peak area removed any interference
caused by evaluating slightly different nanoparticle
concentrations and samples. These data reveal that
the addition of NaCl during thioctic acid functionaliza-
tion increases the normalized S 2p peak area versus

conditions when no salt is added. Moreover, the C 1s
peak area and the O 1s peak area did not show any
trends as a result of organic species contamination as
the samples were prepared in ambient conditions
(Figure S4).84

To quantitate the XPS data, the S 2p and Au 4f peak
areas were converted to a S:Au atomic ratio using the
empirical atomic sensitivity factor (SF) for each element
(SF = 0.54 and 4.95 for S 2p and Au 4f, respectively).85

Furthermore, because XPS interrogates a fraction of
the total atomic layers, the Au XPS area must be
corrected for the electron escape depth as follows:

escape depth ¼ λ cos(θ) (1)

where λ is the inelastic mean free path (IMFP) and
θ is the angle between the surface normal and the
direction of the emitted electron.84,85 For these experi-
ments θ is 0 and λ is 1.78( 0.002 nmwhere the IMFP is
determined using theNIST Electron InelasticMean Free
Path Database and the average kinetic energy of the
Au 4f peaks.86�88

Figure 3. XPS characterization of Au@TA nanoparticles. (A) Normalized XPS spectra (S 2p) of Au@TA nanoparticles after one
rinsing cycle. A S 2p doublet is observed for thioctic acid (doublet BE = 162.0 and 163.2 eV). (B) Normalized XPS spectra of
Au@TA nanoparticles prepared in 0 and 16 mM NaCl (equilibration time =72 h) where the solid lines and dots correspond to
the fitted and raw data, respectively. (C) Comparison of the S:Ausurface atomic ratio (right-hand y-axis) and packing density
(left-hand y-axis) vs incubation time for Au@TA nanoparticles prepared in the presence and absence of NaCl. The solid lines
represent exponential fits for the S:Ausurface atomic ratio vs incubation time: “No NaCl” y = �0.198e

�x/10.4 þ 0.329 and “With
NaCl” y = �0.240e

�x/18.4 þ 0.388.

Figure 4. Schematic representation of a (A) gold nanopar-
ticle cross section, which reveals concentric shells of gold
atoms surrounding a central atom, and (B) Au atom Miller
indices on the nanoparticle surface.
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To apply this to a nanoparticle, the shell method
must first be used to calculate the total number of
atomic layers in a nanoparticle.22,89 The shell method
models a nanoparticle as a central atom that is sur-
rounded by n shells (i.e., layers) of gold atoms where
the number of gold atoms in the nth shell can be
calculated using the equation 10n2 þ 2.22,89 Next, the
total number of shells per nanoparticle is calculated by
dividing the nanoparticle radius (r = dNP/2) by the gold
atom diameter (dAu = 2.882 Å) (Figure 4A). Dividing the
escape depth by the diameter of a gold atom will yield
the number of atomic layers signaled (Nlayer) as follows:

Nlayer ¼ λ

rAu
¼ 6:2 layers (2)

where the number of layers is rounded to the closest
whole number of shells in subsequent calculations.

Using these equations, a gold nanoparticle (d =
11.6 nm) contains 20 total shells but∼6 are sampled in
these XPS conditions. The shell method can be applied
to correct the S toAu atomic ratio (S/Ausurface) using the
following equation:

S
Ausurface

¼
∑
20

n¼ 15
(10n2 þ 2)

10n2 þ 2

2
66664

3
77775

S
Au

� �
(3)

where the numerator in the first set of brackets is the
number of total gold atoms signaled (n = 15 to 20) and
the denominator is the number of surface gold atoms
(n = 20). In the second set of brackets, S/Au represents
the (sensitivity factor) corrected XPS signal.

In order to distinguish if increased thioctic acid SAM
packing density arises from the systematic addition of
NaCl or from increased incubation time with thioctic
acid, the S/Ausurface atomic ratio for gold nanoparticles
incubated with thioctic acid in the absence and pre-
sence of NaCl are compared (Figure 3C). In both ligand
exchange environments, the S/Ausurface atomic ratio
increases systematically with increasing thioctic acid
incubation times. Figure 3C clearly displays that the
S/Ausurface atomic ratio saturates after an incubation
period of 72 h. Additionally, while longer incubation
times increase the number of thioctic acid molecules
on the Au nanoparticle surfaces, salt mediates this
process.22,84�89 By applying an exponential fit to these
data, a saturated S/Ausurface atomic ratio of 0.329 and
0.388 is calculated for Au@TAnanoparticles incubated in
the absence and presence of NaCl, respectively. In the
absence of NaCl, these values imply that at least three
goldatoms interactwithone sulfur atom. In comparison,
this value decreases to∼2.5 gold atoms interactingwith
each sulfur atom for SAMs prepared in the presence of
NaCl.While thedifference between the S/Ausurface atom-
ic ratio is small, a significant difference in the number of
molecules on nanoparticle surfaces is indicated.

Expanding on these data, the packing density of
thioctic acid SAMs on gold nanoparticle surfaces can be
estimated. It should be noted that (1) the core size of
Au@TA nanoparticles incubated in the absence and
presence of NaCl do not change (Figure S1) and (2)
the surface of ∼12 nm gold nanoparticles contain
predominately (100) surface planes (Figure 4B).90,91 As
a result, the packing density of atoms on the surface on
the nanoparticle (σhkl) can be calculated as follows:

σhkl ¼ 4

Qa2(h2þk2þl2)1=2
(4)

whereQ is 2 for (100), and a is the bulk lattice parameter.
Next, the packing density of thioctic acid on Au@TA

nanoparticle surfaces prepared in the absence and
presence of salt can be approximated from XPS data
as follows:

packing density ¼ S
Ausurface

� �
TA
S

� �
[σ100] (5)

where the corrected XPS signal (eq 3), the thioctic acid
to sulfur ratio (2 sulfur atoms per thioctic molecule),
and the gold atom packing density for a (100) surface
plane are found in the first, second, and third brackets,
respectively. For Au@TA nanoparticles prepared in the
absence of salt, surface coverage is ∼1.72 � 1014

molecules/cm2 after 16 h of equilibration time and
increases to 1.97 � 1014 molecules/cm2 after equili-
brating for 72 h. With systematic NaCl additions,
Au@TA nanoparticles equilibrated for 16 h exhibit
thioctic acid packing densities of 1.73 � 1014 mol-
ecules/cm2 and increases to 2.29 � 1014 molecules/
cm2 after equilibrating for 72 h. The packing density
calculations demonstrate that the slow addition of salt
increases thioctic acid SAM packing density by 17%
relative to the absence of salt after a 72 h incubation
period. These values agree well with previously re-
ported thioctic acid packing densities on flat gold
surfaces, which range from 1.8 � 1014 to 2.1 � 1014

molecules/cm2,64,92�99 indicating XPS is an excellent
technique to calculate SAM packing density on gold
nanoparticles.

Electrostatic Interaction Energy and TA Self-Assembly. The
LSPR, XPS, and zeta potential measurements suggest
that the slow addition of salt increases the chemisorp-
tion of thioctic acid on gold nanoparticle surfaces,
thereby resulting in an overall larger SAM surface
coverage than when NaCl is omitted during ligand
exchange reactions. We hypothesize that the mecha-
nism of this effect is attributed to electrostatic interac-
tion energy100 differences (i.e., decreased energy) be-
tween adjacent carboxylic acid terminal groups in the
SAM as salt concentration increases. To model this,
bulk ionic strength is used to estimate relative permit-
tivity (εs) as follows:

101,102

εs ¼ 78:45 � δsCs þ bC1:5
s (6)
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where δS is the permittivity decrement (15.8 L 3mol�1

when NaCl is the electrolyte), CS is the electrolyte
concentration, and b is a constant with a value of
3.01 L2/3 3mol�3/2. Next, Bjerrum lengths103 are calcu-
lated as follows: lb = e2/(4πεsεrkbT) where e is the
elementary charge, εr is permittivity of free space, kb is
the Boltzmann constant, and T is the temperature (294.3
K)). Additionally, inverse Debye lengths are calculated as
follows: κ = (8πlbΙ)

1/2. Subsequently, Debye lengths
(κ�1)103 are then calculated (Table 2) as a function of
ionic strength (I). Finally, the electrostatic interfacial
energy (Eij

EL between two charged (carboxylic acid)
molecules (i and j) is computed as follows:100

EELij ¼ ZiZje
2

4πεsεr

e�K(lb � σ)

(1þKσ)lb
(7)

where Zi and Zj are the charge numbers for two
deprotonated carboxylic acid groups, and σ is the
Leonard-Jones potential for the carboxyl groups
(0.305 nm).104

As shown in Figure 5A, increasing the ionic
strength of the solution increases inverse Debye
lengths and subsequently decreases the normalized
electrostatic interfacial energy (Eij

EL/Eij,0
EL ) between two

adjacent molecules. This result is expected100 as the
effective spacing between two molecules (i.e., lb) and
the effective Debye length of a charged molecule(s)
should increase and decrease, respectively as ionic
strength increases. This model supports the hypoth-
esis that the electrostatic interfacial energy be-
tween two molecules decreases as salt concentration
increases.

To investigate how the electrostatic interfacial en-
ergy impacts SAM formation and packing density
saturation on gold nanoparticles in the presence and
absence of salt, the average spacing between TA
molecules was estimated using XPS packing densities
and Spartan. Importantly, the dimension of the car-
boxylic acid terminal group is estimated using the
length between the oxygen atoms (2.23 Å) and the
covalent radius of an oxygen atom (0.63 Å). Assuming a
rectangular molecular footprint for the carboxylic acid
group, the average spacing between TA molecules is
calculated. Finally, the electrostatic interfacial energy is
determined using eq 7, where lb is the average distance
between two SAM ligands.

As shown in Figure 5B, the electrostatic interfacial
energy between SAM ligands increases with packing
density when formed both in the presence and in the
absence of salt. Dashed lines indicate saturated pack-
ing densities in the absence and presence of salt.
Notably, this energy increases more rapidly and satu-
rates at a lower packing density when the SAM forms
in the absence of salt (ionic strength = 1.3 mM) versus
the presence of salt. In the presence of salt, the
normalized electrostatic interfacial energy between

surface-bound ligands decreases by ∼4% versus the
low ionic strength time control studies. We attribute
this difference to shorter Debye lengths in the rela-
tively higher ionic strength ligand exchange con-
ditions. Importantly, these interfacial energetic
differences would facilitate the accessibility of pin-
hole defects in the SAM layer,105 allowing these sites
to be more easily filled by additional thioctic acid
molecules.

Evaluation of Au@TA Nanoparticle Stability. To further
investigate how SAM packing density impacts nano-
structure stability, the flocculation parameter80,106,107

for Au@TA nanoparticles incubated for 72 h in
the absence and presence of NaCl was evaluated.
Flocculation parameter studies can be used to gain

TABLE 2. Calculated Debye Lengths as a Function of NaCl

Concentration and Ionic Strength

[NaCl] (mM) I (mM) κ
�1 (nm)

0 1.26 8.51
3.63 4.88 4.32
7.25 8.50 3.27
14.44 15.69 2.41

Figure 5. Calculated electrostatic interfacial energies be-
tween two terminal carboxylic acid groups. (A) Normalized
electrostatic interfacial energy as a function of ionic
strength (lower x-axis) and inverse Debye length (upper
x-axis). (B) Normalized electrostatic interfacial energy as a
function of thioctic acid packing density for exchange
reactions that occurred in the absence and presence of salt.
Dashed lines indicate the estimated packing density sa-
turation values and corresponding normalized electrostatic
interfacial energies. Error bars are contained within the size
of the data points and represent propagated error.
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semiquantitative information about the nanostructure
stability by monitoring changes in extinction as a
function of solution pH and/or time.80,106,107 As nano-
particle flocculation increases, the extinction intensity at
∼521 nm decreases while a new lower energy band at
650 nm intensifies (Figure S5). Next, the extinction
spectra were integrated from 575�800 nm to quantify
the degree of nanoparticle flocculation as a function of
time (Figure 6). In pH 5.5 buffer, the integrated area
increases as a function of time and at different rates for
the two nanoparticle samples. To compare the stability
of the Au@TA nanoparticles, the integrated data were
used to determine when flocculation reached its max-
imum. Larger values are indicative of more stable
nanostructures.107 The Au@TA nanoparticles incubated
without NaCl flocculated within 26 s, whereas the
Au@TA nanoparticles incubated in the presence of NaCl

flocculated in twice the time. Significantly, these floccu-
lation studies reveal that salt-mediated thioctic acid self-
assembly increases the stability of the Au@TA nanopar-
ticles by∼20% versus controls.

CONCLUSIONS

In summary, gold nanoparticles functionalized with
thioctic acid were prepared with the slow addition of
NaCl. TEM, 1H NMR, extinction spectroscopy, zeta
potential, XPS, and flocculation studies determined
that the self-assembly of thioctic acid on gold nano-
particles increases with increasing NaCl concentration.
Quantitative information regarding the fraction of pin-
hole and collapsed defect sites on gold nanoparticles
was not evaluated; however, salt facilitated the self-
assembly process. First, an increase in NaCl decreases
the Debye length of the deprotonated carboxylate
groups on the assembled thioctic acid molecules
thereby (1) reducing the electrostatic interfacial energy
between adjacent molecules and (2) facilitating in-
creased SAM packing densities. Furthermore, the slow
addition of NaCl to gold nanoparticles during thioctic
acid self-assembly increased subsequent function-
alized nanoparticle stability versus controls as deter-
mined from flocculation studies. We expect these
results to improve strategies for reproducible SAM
formation on solution-phase nanostructures. Future
studies could be expanded to investigate how nano-
particle shape, size, and radius of curvature impact this
self-assembly process for ultimate improvements in
the reproducible synthesis and use of nanomaterials in
a variety of applications.

METHODS
Materials. Gold(III) chloride trihydrate (HAuCl4), trisodiumcitrate

dihydrate (citrate), thioctic acid, boric acid, and sodium tetraborate
decahydrate were purchased from Sigma Aldrich (St. Louis, MO).
Sodium chloride (NaCl), sodium hydroxide (NaOH), ethanol, hydro-
chloric acid (HCl), and nitric acid (HNO3) were purchased from
Fisher Scientific (Pittsburgh, PA). Nanopure water (18.2 MΩ cm�1)
was obtained from a Barnstead Nanopure System and used for all
experiments.

Preparation of Citrate-Stabilized Au (Au@citrate) Nanoparticles. All
glassware used in the preparation and storage of Au nanoparticles
was cleaned with aqua regia (3:1 HCl/HNO3), rinsed with water,
and oven-dried. Gold nanoparticles were prepared according
to previous reports.108 Briefly, a 200 mL aqueous solution
of 1 mM HAuCl4 was refluxed while stirring vigorously. Next,
20 mL of 38.8 mM citrate was quickly added, refluxed for
10 min, and allowed to cool to room temperature while stirring.
The resultinggoldnanoparticles had adiameter of 11.69(0.98 nm
as determined by TEM and an extinction maximum, λmax =
518 nm.

Preparation of Au@TA Nanoparticles. Au@TA nanoparticles were
prepared by modifying a previously published method.63 First,
Au@citrate nanoparticles were filtered (0.45 μm filter) (Whatman,
Middlesex, UK) and centrifuged (Eppendorf, model 5424 cen-
trifuge, Germany; 11 500 rpm (8797g) for 40 min) to remove
large aggregates and excess citrate, respectively. The resulting
pellet was suspended in pH-adjusted water (pH = 11 with 1 M

NaOH) to a nanoparticle concentration of 10 nM according to
the method described by Haiss.109 Thioctic acid functionaliza-
tion was carried out by adding 10 mM thioctic acid (1000 μL
in ethanol) to 10 mL aliquots of 10 nM Au@citrate nanoparti-
cles. This solutionwas allowed to stir in the dark for at least 16 h
at 20 �C.

During the slow addition of salt,110 a 2 M NaCl solution was
added dropwise to Au@TA nanoparticles until the salt concen-
tration of salt reached 3.6 mM. This solution was allowed to stir
(slowly) for 8 h. The NaCl concentration was then increased to
7.2 and 14.4mM in similar subsequent steps. After each of these
incubation periods, excess thioctic acid andNaCl were removed
by centrifugation at 11 500 rpm (8797g) for 40 min. In order to
investigate the effect of time on the samples incubated in the
presence of 16 mM NaCl, the samples were allowed to equili-
brate for an additional 32 h. Prior to measurements, these
samples were centrifuged at 11 500 rpm (8797g) for 40 min.
Following removal of the supernatant, the nanoparticle pellet
was resuspended in pH-adjusted water (pH = 11). This rinsing
process was repeated three times. Samples in which no salt was
added but allowed to incubate in thioctic acid solutions were
used as a control.

TEM. The homogeneity and diameter of the nanoparticles
were characterized using TEM (JEOL JEM-1230). Samples were
preparedby applying30μLof a dilutednanoparticle solution (50%
mixture in ethanol) to a carbon Formvar coated copper grid (400
mesh, Electron Microscopy Sciences, Hatfield, PA). Excess solution

Figure 6. Normalized integrated area for Au@TA nanopar-
ticles incubated for 72 h in the presence and absence of salt.
Extinction spectra of Au@TA nanoparticles in buffer (pH =
5.5) were integrated at λ = 575�800 nm to semiquantify
flocculation.
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was removedwith filter paper, and the samplewas allowed to dry.
The resulting imageswere analyzedusing ImageProAnalyzer, and
at least 100 nanoparticles were evaluated per sample.

NMR Spectroscopy. 1H NMR and 2D COSY spectra were re-
corded on a Bruker 600 mHz spectrometer (Bruker Biospin
Corp., Billerica, MA). Samples were prepared by centrifugation
at 15 000 rpm (14967g) for 30 min. After the supernatant was
removed, the nanoparticles were resuspended in pH-adjusted
water (pH = 11) (repeated three times). Next, the samples were
transferred to a lyophilizing vessel, flash frozen with liquid N2,
lyophilized to remove water, and resuspended in D2O to a
50 nM nanoparticle concentration. Spectra were analyzed using
Topspin and Nuts. Chemical shifts were referenced to the
residual shifts of the deuterated solvent. 2D COSY spectra were
acquired using standard pulse sequences optimized to the
individual parameters of each sample. These data were used
for proton assignments in the 1D spectra.

Extinction Spectroscopy. Extinction spectra of Au@TA nanopar-
ticles were acquired using a UV�visible spectrometer (Ocean
Optics HR 4000) configured in transmission geometry. Before
acquiring spectra, samples were centrifuged at 11 500 rpm
(8797g) for 40 min and redispersed in 20 mM sodium borate
buffer (pH = 9). The solution was diluted to a final nanoparticle
concentration of 2 nM using the same buffer. All spectra were
collected in disposable methacrylate cuvettes (path length =
0.5 cm) using the following parameters: integration time = 20
ms, average = 20 scans, and boxcar = 10.

Zeta Potential. Effective gold nanoparticle surface charges (zeta
potential) were determined from their electrophoretic mobility at
25 �C using a Malvern Zetasizer (Worcestershire, UK). Au@TA
nanoparticle samples were centrifuged at 11 500 rpm (8797g)
for 40 min, redispersed in 20 mM sodium borate buffer (pH = 9),
and diluted to a final concentration of 2 nM. Monomodal acquisi-
tions and fits according to the Smoluchowski theory were used.
Measurements were performed in triplicate, and error bars repre-
sent the standard deviation of these data.

XPS. XPS measurements were collected using a Kratos Axis
Ultra spectrometer with a monochromatic Al KR X-ray source as
described previously.111 Briefly, a 160 eV pass energy, 1 eV step
size, 200 ms dwell time, and ∼700 μm � 300 μm X-ray spot size
were used for a survey scan (range = 1200 to�5 eV). Region scans
(O1s, C 1s, S 2p, andAu4f) exhibited typical bandwidths of 20�50
eV, 20 eV pass energies, 0.1 eV step sizes, and 1 s dwell times. All
spectra were analyzed using CasaXPS and were charge-calibrated
with respect to the adventitious C 1s peak at 285.0 eV. The S 2p
peak of thioctic acid was peak fitted using the S 2p doublet with a
2:1 area ratio and an energy difference of 1.2 eV. A Shirley
background was used to subtract the inelastic background from
the S 2p and Au 4f signal. The curves were fit using a Gaussian/
Lorentzian (GL(30)) line shape. To account for differences in
nanoparticle concentration in sample spots, the S 2p areas were
normalized using the Au 4f area. Two areas were analyzed per
sample. Error bars represent the standard deviation of these data.

Flocculation Parameter. Au@TA nanoparticle solutions (10 nM)
were prepared in pH 11 water. To monitor flocculation, gold
nanoparticles were incubated for 72 h in the absence and
presence of salt, centrifuged, and redispersed to 3.0 mS cm�1

sodium acetate and phosphate buffer (pH 5.5 and 12,
respectively). The solution was stirred, and extinction spectra
were collected every 2 s. The data were baseline subtracted
using an in-house writtenMatLab program. Briefly, LSPR spectra
collected in pH 12 buffer were aligned to 0 AU at 800 nm and
subsequently used to determine a normalization factor that was
applied to all other spectra. Integrated areas were calculated
from these normalized spectra (from575 to 800 nm) collected in
pH 5.5 buffer and plotted as a function of time.
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