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Abstract: Hexadecanethiol (n-C16), 2,2-dimethylhexadecane-1-thiol (DMC16), and the multidentate thiol-
based ligands 2-tetradecylpropane-1,3-dithiol (C16C2), 2-methyl-2-tetradecylpropane-1,3-dithiol (C16C3),
and 1,1,1-tris(mercaptomethyl)pentadecane (t-C16) were evaluated for their ability to stabilize large gold
nanoparticles (>15 nm) in organic solution. Citrate-stabilized gold nanoparticles (20-50 nm) treated with
the ligands were extracted from aqueous solution and dispersed into toluene. The degree of aggregation
of the gold nanoparticles was monitored visually and further confirmed by UV-vis spectroscopy and dynamic
light scattering (DLS). The bidentate ligands (C16C2 and C16C3) and particularly the tridentate ligand
(t-C16) showed enhanced abilities to inhibit the aggregation of large gold nanoparticles in organic solution.
For gold nanoparticles modified with these multidentate ligands, bound thiolate (S2p3/2 binding energy of
162 eV) was the predominant sulfur species (>85%) as evaluated by X-ray photoelectron spectroscopy
(XPS). Although an entropy-based resistance to ordering of the loosely packed surfactant layers was initially
considered to be a plausible mechanism for the enhanced stabilization afforded by the multidentate ligands,
when taken as a whole, the data presented here support a model in which the enhanced stabilization
arises largely (if not solely) from the multidentate chelate effect.

Introduction

Surface-modified gold nanoparticles are used extensively as
building blocks to construct mesoscopic structures for micro-
electronics,1,2 catalysis,3-6 receptor-based sensing (biological and
chemical sensors),7-15 SERS signal enhancement,16-19 and
ultrahigh-density data storage.20,21 To maximize the efficiency

of surface-modified gold nanoparticles in such applications,
well-controlled particle size and efficient particle dispersion are
necessary. The synthesis of gold nanoparticles via the citrate
method22 affords gold nanoparticles ranging from∼2 to 100
nm, where the size can be tuned by adjusting the gold-to-citrate
ratio.23

With the discovery and widespread use of self-assembled
monolayers (SAMs) adsorbed onto metal colloids,24,25 the
surface composition of gold nanoparticles can now be modified
to contain a variety of functional groups and even mixtures of
functional groups.24,26By utilizing the highly specific interaction
between alkanethiols and gold, researchers now have the ability
to disperse small gold nanoparticles (i.e.,<10 nm) into nonpolar
solvents,27-33 which allows for enhanced nanoparticle manipula-
tion, including their deposition into ordered two-dimensional
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arrays.29,34-37 In contrast, gold nanoparticles larger than∼10
nm typically undergo irreversible flocculation during their
modification with alkanethiols.38,39 This type of aggregation
proceeds via fusion of the metallic cores,39 which are
initially stabilized by electrostatic interactions. The aggre-
gation, however, can be inhibited by slowing the removal of
the charged species during displacement by the protecting
thiol.40-42 For example, the adsorption of Tween 20 or thioctic
acid onto the nanoparticles prior to the adsorption of
alkanethiols leads to a reduction in the extent of irreversible
aggregation.40,41 Separate studies have shown that gold nano-
particles can be stabilized by using thiols possessing negatively
chargedterminalgroups(e.g.,carboxylate-terminatedalkanethiols),43-45

but this type of electrostatic stabilization is limited to aqueous
solutions.

It is likely that the enhanced aggregation observed for larger
gold nanoparticles is due to their increased interparticle attrac-
tion, given that van der Waals forces are known to increase
with particle size/mass.33,39,46To disperse large nanoparticles
in nonpolar solvents, interparticle attraction can be overcome
by generating short-range repulsion via increasing the confor-
mational freedom of the surfactant layer.47 Short-range repulsion
between two particles can arise when the surfactant layers
around the particles interpenetrate, giving rise to chain ordering
and thus entropic loss.33 For example, due to the repulsive, steric,
and/or overlap forces between polymer-coated surfaces, many
synthetic polymers and biopolymers (e.g., proteins, gelatin) have
been used to prevent particle aggregation.33,41 However, the
polymer coatings are usually inhomogeneous, and the thickness
is difficult to control.47

In efforts to overcome these difficulties, Wei and co-workers
reported the stabilization of gold nanoparticles up to 87 nm using
non-polymeric resorcinarene tetrathiols.47 Compared to normal
alkanethiols, these multidentate ligands offer enhanced nano-
particle stability in solution by effectively blocking aggregation
of the particles through two possible mechanisms: (1) coopera-
tive, multidentate binding of the surfactant onto the gold
nanoparticles and (2) enhanced spacing between alkyl chains,
corresponding to enhanced conformational freedom of the alkyl
chains. Despite their promise, however, partial desorption and/

or displacement via ligand exchange were observed during
aging.47 Furthermore, their molecular complexity and lengthy
synthesis highlight the need for the development of simpler non-
polymeric stabilizing agents.

To this end, our group has been exploring the formation of
conformationally disordered SAMs on gold via the adsorption
of several new classes of multidentate alkanethiols (e.g., Figure
1).48-51 In earlier studies on flat gold substrates, SAMs generated
from 2-monoakylpropane-1,3-dithiols (CnC2),49 2-alkyl-2-me-
thylpropane-1,3-dithiols (CnC3),50 and 1,1,1-tris(mercaptom-
ethyl)alkanes (t-Cn)51 showed lower chain packing densities
compared to the densely packed SAMs generated from normal
alkanethiols (Cn). Specifically, the molecular packing densities
(and thus the conformational order of the alkyl chains) were
observed to decrease according to the trendCn . CnC2 >
CnC3 > t-Cn.51 Furthermore, the stability of the SAMs against
chemical desorption and displacement followed the exact
opposite trend (i.e., the highly disordered films derived from
t-Cn were the most robust).

For the purpose of the present study, we envisioned that the
multidentate thiols would attach strongly to the surface of gold
nanoparticles, with their loosely packed alkyl chains dangling
in solution and stabilizing the nanoparticles entropically.
Alternatively, we envisioned that the multidentate thiols might
exert a stabilizing effect via their ability to bind to multiple
sites on the surface of the gold nanoparticles (i.e., via the chelate
effect, which is also entropic in nature).52,53Surprisingly, there
has been no systematic study to distinguish the relative
importance of these two effects in nanoparticle stabilization.
Herein, we describe the dispersant properties of three thiol-based
ligands having multidentate headgroups as shown in Figure 1:
2-tetradecylpropane-1,3-dithiol (C16C2), 2-methyl-2-tetrade-
cylpropane-1,3-dithiol (C16C3), and 1,1,1-tris(mercaptomethyl)-
pentadecane (t-C16). We compare the stabilizing ability of these
ligands to that of the monodentate ligands, hexadecanethiol (n-
C16), and 2,2-dimethylhexadecane-1-thiol (DMC16), where the
latter ligand was designed to generate SAM-coated nanoparticles
with reduced chain packing density similar to that of the
multidentate thiols. Our studies find that only the multidentate
ligands enable the extraction and dispersion of gold nanoparticles
as large as 50 nm from the aqueous phase to a nonpolar organic
phase; importantly, the multidentate-functionalized nanoparticles
fail to undergo aggregation in the organic phase for at least 1
month at room temperature. Furthermore, a systematic analysis
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Figure 1. Structures of the adsorbates: normal hexadecanethiol (n-C16),
2,2-dimethylhexadecane-1-thiol (DMC16), 2-tetradecylpropane-1,3-dithiol
(C16C2), 2-methyl-2-tetradecylpropane-1,3-dithiol (C16C3), and 1,1,1-tris-
(mercaptomethyl)pentadecane (t-C16).
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of entropic stabilization vs chelate stabilization reveals that the
latter effect is largely (if not solely) responsible for the observed
enhancement in nanoparticle stabilization.

Experimental Section

Complete details regarding the materials, procedures, and instru-
mentation used to conduct the research reported here are provided as
Supporting Information.

Results and Discussion

Brief Review of the Optical Properties of Metal Nano-
particles. According to Mie theory,54 metallic nanoparticles with
a radius much smaller than the incident wavelength of light will
absorb strongly at certain wavelengths because of the resonant
excitation of the surface plasmons. Furthermore, the position
and intensity of the absorption bands are strongly influenced
by particle size and shape, the surrounding medium, and the
boundary conditions imposed by adjacent metallic particles. The
surface plasmon resonance (SPR) band of gold spheres in
aqueous solution appears at 525 nm. If, however, the colloidal
particles aggregate, and the distance between aggregating
particles becomes small compared with their radius, additional
resonance bands will appear at longer wavelengths than those
of the individual particles. Consequently, red-shifting and
broadening of the resonances band are observed during ag-
gregation.38,39,41

Kinetics of Aggregation of Thiol-Modified Gold Nano-
particles in Water/THF. During the process of SAM formation,
hexadecanethiol (n-C16) is known to displace citrate ions from
the surface of gold nanoparticles, thereby reducing the surface
charge.55 Without strong charge-charge repulsion, gold nano-
particles modified withn-C16 are driven to each other by van
der Waals attraction,33,46leading to irreversible aggregation. As
shown in Figure 2a, this type of aggregation gives rise to a
dramatic red-shifting and broadening of the SPR band to 585
nm for gold nanoparticles having a diameter of 30 nm.
Importantly, the rate of aggregation is much slower for gold
nanoparticles modified byDMC16, C16C2, andC16C3when
compared ton-C16. Specifically, Figure 2a shows that it takes
only 1 h for the SPR band to shift to 550 nm after addingn-C16,
and substantial aggregation occurs after 24 h, characterized by
a severely broadened SPR band centered at 585 nm. In contrast,
Figures 2b, 2c, and 2d show that the SPR band shifts to only
535 nm in 24 h after addingDMC16, C16C2, or C16C3.
Moreover, Figure 2e shows a shift to only 532 nm in 24 h after
adding tridentatet-C16; the latter shift occurs without any
noticeable broadening of the SPR peak, suggesting that the gold
nanoparticles undergo little or no aggregation upon adsorption
of the tridentate alkanethiol.

We quantified the aggregation of thiol-functionalized gold
nanoparticles using a semiempirical flocculation parameter,38

defined as the integrated absorbance between 600 and 800 nm
of the optical absorption spectra normalized to the absorption
intensity of the surface plasmon peak. In this analysis, for
example, increased absorption at 625 nm is associated with
aggregation. As such, we monitored the extinction intensity at
this wavelength to evaluate the aggregation process. As il-
lustrated in Figure 3, the intensity of extinction at 625 nm

significantly increases for gold nanoparticles modified with
n-C16, whereas a small change occurs for those modified with
DMC16, C16C2, andC16C3. In contrast, for gold nanoparticles
modified with t-C16, the intensity of this wavelength quickly
reaches a plateau and remains constant. The small initial shift
is probably due to the formation of the SAM on the surface of
the gold nanoparticle.11,56 The comparisons summarized here
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Figure 2. Time evolution of the UV-vis extinction spectra in 2:1 THF/
water showing the stability of 30 nm gold nanoparticles modified with the
indicated thiols: (a)n-C16, (b) DMC16, (c) C16C2, (d) C16C3, and (e)
t-C16.
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can be taken to indicate thatt-C16 is the most effective among
the five adsorbates at stabilizing large gold nanoparticles in
water/THF.

Analysis by DLS provides additional support for our inter-
pretations of the UV-vis data. For example, Figure 4 shows
that the addition of monodentaten-C16 leads to a substantial
increase in the hydrodynamic diameter, which is consistent with
the proposed aggregation phenomenon. Furthermore, gold
nanoparticles modified with the other adsorbates showed little
or no increase in hydrodynamic diameter, indicating little or
no aggregation (see Figure 4). Importantly, careful examination
of the data in Figure 4 suggests thatt-C16 is the most effective
ligand for preventing the aggregation of the nanoparticles in
water/THF.

Another important observation from these studies centers on
the stabilizing ability ofDMC16: this ligand appears to be
substantially better thann-C16 and comparable to the multi-
dentate thiols in stabilizing gold nanoparticles in water/THF.
As noted above, gold nanoparticles generated by citrate reduc-
tion are stabilized by citrate-based charge-charge repulsion in
aqueous solution.23,57,58 Upon the addition ofn-alkanethiol,

however, the citrate ions are typically displaced from the
nanoparticle surface.55 Although this process probably occurs
to a substantial degree forDMC16, the displacement of citrate
might be incomplete for this ligand. We note, for example, that
compared with monodentaten-C16 on gold, the monodentate
DMC16 ligand exhibits a markedly lower packing density (72%
sulfur/chain density vs 100% forn-C16; see Supporting
Information); furthermore, compared with the multidentate thiols
C16C2, C16C3, and t-C16, the monodentateDMC16 ligand
is unable to chelate to the surface of gold. In XPS studies
described below, we explore whether the stabilizing ability of
DMC16 in water/THF arises from the charge-charge repulsion
of residual citrate ions trapped within void spaces on the surface
of gold that are present only when using this adsorbate (vide
infra).

Phase Transfer and Dispersion of Thiol-Modified Gold
Nanoparticles in Organic Solution. Although many mono-
dentate thiols are effective in dispersing and stabilizing small
gold nanoparticles (∼3 nm) in nonpolar solvents (e.g., hexanes,
toluene, chloroform, or carbon tetrachloride),59 these same thiols
are typically ineffective in extracting and dispersing larger
particles (>15 nm) in nonpolar solvents. Figure 5 provides
additional evidence of this latter phenomenon, showing that
n-C16 and DMC16 are poor dispersants and poor stabilizers
of large gold nanoparticles (∼30 nm in diameter). Although
the n-C16- and DMC16-modified nanoparticles could be
partially extracted into 1:1 toluene/THF with the help of TOAB,
they aggregated rapidly, as indicated by the blue color of the
solutions.38,39,60Interestingly, both ligands appear to be equally
poor nanoparticle stabilizers in strictly organic solution; in water/
THF, however, we observed that the aggregation of theDMC16-
modified gold nanoparticles was much slower than that of
n-C16-modified gold nanoparticles (vide supra).

In contrast to the monodentate thiols, the multidentateC16C2,
C16C3, and t-C16 are much more effective at extracting and
dispersing the nanoparticles under the same conditions. Figure
5 shows that a few minutes after the addition of TOAB, the
gold nanoparticles were transferred quantitatively to the organic
phase, producing a solution having a pink or cherry-red color.
Further analysis by UV-vis spectroscopy (Figure 6) shows that
among all of the thiols examined,t-C16 is the most effective
dispersant, capable of extracting and stabilizing large gold
nanoparticles in 1:1 toluene/THF in the presence of 5 mol %
of TOAB per equivalent of thiol. Importantly, this latter
dispersion was observed to be stable for at least 1 month at(56) Aslan, K.; Luhrs, C. C.; Perez-Luna, V. H.J. Phys. Chem. B2004, 108,

15631-15639.
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Figure 3. Time evolution of the extinction intensity at 625 nm in 2:1 THF/
water of 30 nm gold nanoparticles modified withn-C16, DMC16, C16C2,
C16C3, andt-C16.

Figure 4. Kinetics of the aggregation of 30 nm gold nanoparticles modified
with n-C16, DMC16, C16C2, C16C3, andt-C16as measured by dynamic
light scattering (DLS) in 2:1 THF/water.

Figure 5. Photographs of 30 nm gold nanoparticles modified withn-C16,
DMC16, C16C2, C16C3, andt-C16 after phase transfer into 1:1 toluene/
THF.
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room temperature with little or no change in the extinction band
intensity or position.

Given the lower thiolate coverage on nanoparticles compared
to that on flat gold substrates,38 it is plausible that some citrate
ions are retained around the gold nanoparticles after the addition
of thiol, even when multidentate ligands are used. This
phenomenon might rationalize why extractions without TOAB
typically lead to only partial transfer of gold nanoparticles into
the 1:1 toluene/THF phase.61 The tetraalkylammonium cations
can presumably neutralize residual citrate counterions,62 enhanc-
ing the hydrophobic nature of the functionalized nanoparticle
and facilitating the transfer from the aqueous phase to the
organic phase. On the other hand, analysis by XPS of our SAM-
coated nanoparticles reveals that citrate is present in measurable
quantities only whenDMC16 is used as the stabilizing ligand
(vide infra).

In the course of these studies, we observed also that the
position of the SPR band of the gold nanoparticles (20-50 nm
in diameter) was strongly influenced by the reaction conditions.
The initial extinction band at 525 nm shifted slightly to 530
nm upon dispersion in 1:2 water/THF. Upon functionalization
with t-C16, the SPR band shifted to 532 nm, and after phase
transfer into 1:1 toluene/THF, it shifted further to 536 nm (see
Figure 6). Theoretical predictions63-65 and experimental obser-
vations11,56 have also found that the position of the SPR band
of colloidal gold is sensitive to the dielectric constant of the
surrounding medium. Typically, the formation of a dielectric
layer around a metallic nanoparticle or the incorporation into a
medium with a higher refractive index shifts the SPR band to
longer wavelength (lower energy).11,56Given that the refractive
indices of water, THF, and toluene are 1.33, 1.41, and 1.50,
respectively,11 we can plausibly conclude that the observed shifts
correspond to changes in the local environment of the gold
nanoparticles, rather than to differences in flocculation. Fur-
thermore, the absence of extinction intensity between 600 and
800 nm (see Figure 6) strongly suggests that the gold nanopar-
ticles modified with the multidentate thiols (particularlyt-C16)
fail to aggregate to any substantial degree.

XPS Analysis of Thiol-Modified Gold Nanoparticles.XPS
is highly useful in analyzing not only the nature of S-Au
bonding, but also the atomic composition of SAMs on gold
surfaces.38,66,67Although the sulfur signal can be significantly
attenuated by the overlying alkyl chains (and thus lead to a low
signal-to-noise ratio), analysis of theS 2p peak is a reliable
method for evaluating the chemical bonding of sulfur atoms in
SAMs.38,66,67In particular, it is known that photoelectron peaks
with binding energies of 162.1 and 163.3 eV can be assigned
to theS2p3/2 andS2p1/2 doublet, respectively, for sulfur atoms
bonded to gold; in contrast, peaks at 164 eV can be assigned to
unbound thiol species. The XPS data in Figure 7a show
predominately the presence of bound sulfur with only a minimal
signal (<15%) that can be attributed to unbound sulfur for the
multidentate thiol-modified gold nanoparticles. This observation
supports the notion of chelate stabilization48-51 for these
nanoparticles, which likely plays a role in their resistance to
aggregation (vide infra).

Figure 7b shows the C 1s binding energies for the SAMs
formed from each of the thiols. For each of the SAMs derived
from n-C16, C16C2, C16C3, andt-C16, we observe a relatively
narrow peak at∼285 eV, which is characteristic of the alkyl
groups of SAMs comprised largely of CH2 units.68 For the SAM
derived fromDMC16, however, the peak is broadened with an
extended shoulder on the high-energy side, suggesting the
presence of oxidized carbon species.68 Numerical curve fitting
indicates that there are at least two carbon species for this
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Figure 6. UV-visible extinction spectra of 30 nm gold nanoparticles
modified with n-C16, DMC16, C16C2, C16C3, and t-C16, and phase-
transferred into 1:1 toluene/THF.

Figure 7. XPS spectra for 30 nm gold nanoparticles modified withn-C16,
DMC16, C16C2, C16C3, andt-C16at: (a) S 2p region and (b) C 1s region
(the solid lines are the results of curve fitting).
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adsorbate. Further comparison with the photoelectron spectrum
of citrate-stabilized gold nanoparticles (Figure 7b, bottom) is
consistent with a model in which there are citrate ions (or citrate
derivatives) remaining on the surface of the gold nanoparticles
after the adsorption ofDMC16. As noted above, we propose
that citrate ions fill void spaces on the surface of gold in the
presence ofDMC16 and thereby lead to enhanced nanoparticle
stabilization in water/THF. Further, it is plausible that citrate
ions and void spaces exist only for theDMC16 ligand due to
its exclusive low surface density of both alkyl chains and sulfur
atoms (i.e., 72 vs 100% forn-C16; see Supporting Information).

FTIR Analysis of Multidentate Thiol-Modified Gold
Nanoparticles. We used transmission FTIR spectroscopy to
evaluate whether the conformational order (or “crystallinity”)
of the pendant alkyl chains might play a role in the abilities of
C16C2, C16C3, and t-C16 to act as efficient dispersants and
stabilizers. The C-H stretching region is known to be highly
sensitive to the conformational order of the alkyl chains and
the environment of the chains.69 In particular, the degree of
conformational order of alkyl chains can be estimated from the
frequency and width of the methylene antisymmetric band (
νa

CH2) and the methylene symmetric band (νs
CH2).69-72 The

methylene antisymmetric band (νa
CH2) of crystalline polyethyl-

ene appears at 2920 cm-1, whereas that of liquid polyethylene
appears at 2928 cm-1; likewise, the methylene symmetric band
(νs

CH2) of crystalline polyethylene appears at 2850 cm-1,
whereas that of liquid polyethylene appears at 2856 cm-1.69-72

Figure 8 shows the transmission infrared spectra of gold
nanoparticles modified withC16C2, C16C3, andt-C16. (Note:
we were unable to obtain the corresponding infrared spectrum
of gold nanoparticles modified withn-C16andDMC16 because
the gold nanoparticles aggregated irreversibly after mixing with
these adsorbates and could not be dispersed into carbon
tetrachloride). Gold nanoparticles modified withC16C2 and
dispersed in CCl4 exhibited aνa

CH2 band at 2924.5 cm-1 and
νs

CH2 band at 2853.5 cm-1; those modified withC16C3showed
a tiny but reproducible shift to lower frequency:νa

CH2 band at
2925.1 cm-1 and νs

CH2 band at 2853.7 cm-1; and those

modified with t-C16 showed a small but reproducible shift to
even lower frequency:νa

CH2 band at 2926.5 cm-1 and νs
CH2

band at 2855.4 cm-1. These data suggest that the conformational
order of the pendant alkyl chains decreases in the following
order: C16C2 > C16C3 > t-C16. We note that the results
obtained here are remarkably consistent with those found in
previous reflectance IR studies of these SAMs on flat gold
substrates.51

Origin of the Enhanced Stability Afforded by Multiden-
tate Thiols. Given the stresses of flowing solution and/or
interparticle collisions, stabilizing agents can move laterally on
the surface of the nanoparticle while remaining attached, or they
can simply desorb from the surface of the nanoparticle.73

Stabilizers that are weakly anchored can, in fact, impart some
stability to colloidal dispersions; such dispersions will flocculate
as a result of stabilizer displacement or desorption. Some reports
indicate that normal alkanethiolate-based SAMs desorb upon
exposure to air74-76 or upon heating to elevated temperatures
(e.g., 70°C) in a hydrocarbon medium.54 Other reports show
that adsorbed alkanethiolates can be readily displaced by
approaching thiols.68,77 Nevertheless, both the mobility and
lability of surface-bound adsorbates depend strongly on the
strength of binding of the adsorbate to the surface, which will
vary with the number of adsorbate-surface bonds (i.e., mono-
dentate vs bidentate vs tridentate).51,78,79

Alternatively, the concept of steric stabilization is widely used
to rationalize the stabilization of colloidal particles by nonionic
compounds. In these systems, steric repulsion arises largely from
a loss of entropy in the surfactant layers due to the loss of chain
mobility and increased torsional strain.80 It is especially
important in nonaqueous media, where electrostatic stabilization
is less prevalent.33,80 It can also be effective in media of high
ionic strength because steric stabilizers are relatively insensitive
to the presence of electrolytes.33 Effective steric stabilizers
combine both anchoring groups and stabilizing moieties.
Anchoring groups perform most effectively if they are insoluble
in the dispersion medium; in contrast, stabilizing moieties must
be soluble in the dispersion medium to be effective.80 Further-
more, theoretical modeling33,72,81-83 and experimental observa-
tions33,81show that a high stabilizer density and a large adlayer
thickness lead to enhanced steric stabilization.

To examine whether chelate stabilization or steric stabilization
is the predominant factor in preventing the aggregation of thiol-
modified nanoparticles, we first applied various known models
of steric stabilization to our ligand system. Two stabilizing layers
come into contact when particles approach one another at a
separation distance less than twice the adlayer thickness (δ).
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Figure 8. FT-IR spectra of 30 nm gold nanoparticles modified withC16C2,
C16C3, andt-C16 and dispersed in CCl4.
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Bagchi84,85first proposed the stabilizer layers undergo compres-
sion rather than interpenetration, and Lambe et al.86 further
elaborated the denting mechanism. The corresponding elastic
compression arises from a loss of configurational entropy of
the stabilizer layer. To calculate the energy of the steric repulsion
between alkanethiol-modified gold nanoparticles, we use the
expression derived by de Gennes for two dense layers (brushes)
of strongly adsorbed chains in a good solvent:46,82,83

whereδ is the brush thickness (18 Å),σthiol is the diameter of
the area occupied by the thiol on the particle surface,C is the
center distance between nanoparticles,R is the particle radius,
k is Planck’s constant, andT is the temperature. Given that the
surface area occupied by ann-alkanethiol molecule (e.g.,n-C16)
on gold is 21.4 Å2, the corresponding distance between
alkanethiolates on gold nanoparticles can be estimated to be
4.99 Å.87 The surface area occupied by a trithiol (e.g.,t-C16)
is ∼30 Å2 based on measurements of surface coverage by XPS,51

which leads to an average value of 5.88 Å for the distance
between alkanetrithiolate chains on gold nanoparticles. Insertion
of the respective values ofσthiol into eq 1 shows that, in contrast
to our observations, the higher packing density (i.e., smaller
σthiol) of then-C16SAMs should correlate with a stronger steric
repulsion than that of thet-C16 SAMs.

The interparticle interaction potential also includes the long-
range London-van der Waals attraction. Using the expression
derived by Hamaker:88

whereA is the Hamaker constant (35× 10-20 J for gold across
hydrocarbon media).33 Thus, the interaction potential (Esteric +
EvdW) between thiol-modified 300 Å gold nanoparticles can be
calculated. Figure 9 shows that a weak attractive energy
minimum exists at a separation distance of 27 and 23 Å for
n-C16 and t-C16, respectively, whereas the energy minimum
of t-C16 is steeper than that ofn-C16. Clearly, this exercise
demonstrates that the de Gennes model cannot rationalize why

multidentate thiols afford enhanced stability against the ag-
gregation of gold nanoparticles.

Given the liquid-like structure of adsorbed alkanethiol SAMs
on nanoparticle surfaces,31,59,83an argument might arise that the
disordered layers prefer interpenetration (the Vincent model)81

rather than compression (the de Gennes model)82 when nano-
particles approach one another. The steric interaction (Esteric)
during their close approach is given by the interpenetration
contribution (Esteric,mix) for δ < C < 2δ and the interpenetration-
plus-compression contribution (Esteric,el) for C < δ.73,81We adopt
the uniform segment model81 to describe the interactions. In
the domainδ < C < 2δ:

whereφ2
a is the average volume fraction of the segment in the

adsorbed layer,ø (the Flory-Huggins parameter) is a measure
of solvent quality, andν1 is the molar volume of the solvent.
In the domainC < δ, the value ofEsteric is given by the
summation of the mixing (Esteric,mix) and elastic (Esteric,el) terms:

whereF2 is the density andM2
a is the molecular weight of the

adsorbed species. Because SAMs on flat gold show decreased
chain packing densities in the order:n-C16 (normalized to
100%). DMC16 (72%)> C16C2(64%)> C16C3(56%)>
t-C16 (51%),51 it is reasonable to estimate that the average
segment fractions on the nanoparticle surfaces follow the same
order. Therefore, this model predicts the greatest steric repulsion
for n-C16 and the second greatest forDMC16 under uniform
conditions. We find, however, thatn-C16 andDMC16 are the
poorest stabilizers of gold nanoparticles in organic solution. As
such, the Vincent model also fails to rationalize the superior
ability of t-C16 to prevent the aggregation of large gold
nanoparticles.

Based on the Vincent model whereby stabilization arises due
to the loss of entropy of the alkyl chains when nanoparticles
approach one another, Wei and co-workers hypothesized that
increasing the spacing between neighboring surfactant chains
would significantly increase the conformational entropy of the
surfactant layer and therefore increase interparticle repulsion
entropically when the surfactant layers come into contact with
one another.47 The arguments presented in the preceding
paragraph indicate, however, that this model is untenable for
our chelating adsorbates and perhaps others.47,52,89-92 Moreover,
a broader examination of the FTIR data collected here further
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Figure 9. Calculated interparticle potential between two individual 30 nm
gold nanoparticles modified withn-C16 and t-C16.83
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disfavors the Vincent model. In particular, the observed trends
in the shifts in theνCH2 band positions (observed here for gold
nanoparticles and in ref 51 for flat gold) correlate with the
observed trends in packing density determined by XPS on flat
gold for these adsorbates (normalized to 100% forn-C16):
C16C2(64%),C16C3(56%), andt-C16 (51%).51 The relative
magnitude of the differences in conformational order/packing
density suggests that we might expect to see differences in
stability for gold nanoparticles coated withC16C2andC16C3
(64% vs 56%), given that we readily see differences in stability
for gold nanoparticles coated withC16C3 and t-C16 (56% vs
51%). The fact that we see no such difference forC16C2 vs
C16C3 argues further against the Vincent model.

Upon consideration of all of the data and analyses discussed
above, one physical phenomenon remains that can rationalize
the enhanced stability afforded by the multidentate adsorbatess
the well-known chelate effect.93,94 This entropy-driven phe-
nomenon rationalizes (i) the greater stabilizing ability ofC16C2
and C16C3 vs n-C16 and DMC16 (bis-chelates vs mono-
chelates), (ii) the similar stabilizing abilities ofC16C2 and
C16C3(both bis-chelates), and (iii) the greater stabilizing ability
of t-C16 vs C16C2 and C16C3 (tris-chelate vs bis-chelates).
We note that the desorption of multidentate SAMs requires the
almost simultaneous breaking of all of the S-Au bonds, which
is highly disfavored entropically. Moreover, given that al-
kanethiol-based SAMs on gold likely desorb from the surface
as disulfides,95 intramolecular desorption of the chelating
adsorbates as cyclic disulfides will be energetically disfavored
because of ring strain formed in the products.96 Furthermore,
intermoleculardesorption as oligomeric disulfides is even more
disfavored, requiring the concurrent desorption of four or more
tethered sulfur atoms. Given that desorption of ligands from
the surface of metal nanoparticles is directly attributable to

nanoparticle aggregation,97 we can reasonably conclude that the
enhanced nanoparticle stabilization observed here when using
the multidentate thiols is due to the chelate effect. Furthermore,
we can reasonably argue that, in the absence of other extenuating
factors, the chelate effect is the predominant stabilizing factor
inothernanoparticlesystemsthatutilizemultidentateligands.47,52,89-92

Conclusions

The work described here has demonstrated the successful
dispersion and stabilization of large gold nanoparticles (20-50
nm) in solution through the use of multidentate thiol-based
ligands, with the tridentate thiolt-C16 being the most effective
of the ligands examined. Analysis by XPS showed that most
(>85%) of the sulfur moieties in the multidentate adsorbates
are covalently bound to the surface of the gold nanoparticles.
Although analysis by FTIR suggested that the conformational
freedom of the alkyl chains might play an important role in
preventing nanoparticle aggregation, other considerations argue
strongly that the chelate effect is primarily responsible for the
enhanced stabilization afforded by the multidentate adsorbates.
Studies involving the use of these multidentate thiols to inhibit
monolayer degradation in response to various applied stresses
(e.g., electrochemical, photolytic, and corrosive or displacing
agents) are currently underway.
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