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Abstract: Ligand exchange reactions of 1.5-nm triphenylphosphine-stabilized nanoparticles with ω-func-
tionalized thiols provides a versatile approach to functionalized, 1.5-nm gold nanoparticles from a single
precursor. We describe the broad scope of this method and the first mechanistic investigation of thiol-for-
phosphine ligand exchanges. The method is convenient and practical and tolerates a surprisingly wide
variety of technologically important functional groups while producing very stable nanoparticles that
essentially preserve the small core size and size dispersity of the precursor particle. The mechanistic studies
reveal a novel three-stage mechanism that can be used to control the extent of ligand exchange. During
the first stage of the exchange, AuCl(PPh3) is liberated, followed by replacement of the remaining phosphine
ligands as PPh3 (assisted by gold complexes in solution). The final stage involves completion and
reorganization of the thiol-based ligand shell.

I. Introduction

Ligand-stabilized nanoparticles have been extensively studied
for their use in a large variety of applications, including
nanoelectronics,1,2 nanophotonics,3 catalysis,4 sensors,5 and
biotaggents6 due to their unique physical and chemical proper-
ties. For most applications and fundamental studies, it is
desirable to be able to tailor the nanoparticle properties by
controlling two key structural parameters: (i) the size and
composition of the nanoparticle core7 and (ii) the chemical
nature of the stabilizing ligand shell.8 The size and composition
of the nanoparticle core can be used to tune the electronic and
optical properties of the nanoparticle. Examples of the impor-
tance of the nanoparticle core include the preparation of
different-sized semiconductor quantum dots for multicolor
optical coding in biological assays9 and the catalytic oxidation
of CO using solid-supported gold nanoparticles of various core

sizes.10 On the other hand, the ligand shell composition allows
one to tailor chemical properties such as solubility, chemical
reactivity, surface chemistry, and binding affinity. Access to
specifically functionalized ligand shells has already resulted in
the use of gold nanoparticles in single nucleotide polymorphism
detection11 and as model systems for mimicking glycosphin-
golipids at cell surfaces.12

To provide tailored nanoparticle samples for a wide range of
applications, any synthetic method must be convenient and
general, in addition to providing nanoparticles with well-defined
structures. In some cases, one can control the core size and
composition through careful choice of the reaction conditions
during synthesis13,14or by post-synthetic modifications such as
Ostwald ripening15 and size-selective purification (e.g., fractional
crystallization,16 gel electrophoresis17). Despite these advances,
precise control over the core size and size dispersity remains a
challenge.

Ligand exchange reactions have proven a particularly power-
ful approach to incorporate functionality in the ligand shell of
thiol-stabilized nanoparticles and are widely used to produce
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organic- and water-soluble nanoparticles with various core sizes
and functional groups.8,18 However, this approach continues to
be limited by a number of challenges, including difficulties
incorporating charged ligands into the ligand shell,19 controlling
the core size independent of the ligand used, and driving
complete replacement of the original ligand shell.18 Direct
synthesis approaches have also been employed to prepare
functionalized nanoparticles8,14,20 but most of these methods
suffer from the incompatibility of functionalized ligands with
the reaction conditions and show a strong dependence of the
core size on the stabilizing ligand used during synthesis.8,21

We recently developed a novel approach for the preparation
of diverse libraries of ligand-stabilized metal nanoparticles that
addresses the challenges stated above. It consists of a straight-
forward two-step procedure, involving (i) preparation of well-
defined phosphine-stabilized precursor particles (dCORE ) 1.5
( 0.5 nm)14,22 and (ii) functionalization of these particles
through ligand exchange reactions withω-functionalized thi-
ols.23,24The small set of thiols previously used in this approach
suggested that the method might be extended to provide general,
convenient access to functionalized, thiol-stabilized gold nano-
particles with a controlled core size. However, the full scope
and the mechanism of the ligand exchange approach had not
been determined. We anticipate that by understanding the
mechanism of the ligand exchange between thiols and phos-
phine-stabilized gold nanoparticles, the rational development
of new synthetic strategies will be facilitated, and the approach
will be extended to other materials. Given the potential benefit
of such mechanistic studies, it is surprising that only a few
studies have been reported to date.25-28 These studies mainly
explore the dynamics of ligand exchange reactions between
thiol-stabilized gold nanoparticles and other thiols.25-27

Herein, we present a synthetic and mechanistic investigation
of the ligand exchange reaction between small, PPh3-stabilized
precursor nanoparticles (dCORE ) 1.5 ( 0.5 nm) andω-func-
tionalized thiols, demonstrating the general nature and full scope
of this method. Using this method, we have prepared and fully

characterized a wide range of 22 thiol-stabilized gold nanopar-
ticles, incorporating a surprisingly diverse range of functional
groups into the ligand shell. The approach provides a convenient
route to new materials that have been previously inaccessible
and will be a key approach toward the realization of a broad
range of applications. In addition, our mechanistic studies of
the ligand exchange reaction provide the first fundamental
insight into the progression of these types of ligand exchanges.
The studies show an unexpected three-stage mechanism that
provides valuable insight for further refining the ligand exchange
reaction. To this end, we demonstrate that this knowledge allows
one to optimize reaction conditions and provides access to novel
particles with mixed ligand shells of controlled compositions.

II. Results and Discussion

In the following section, we describe first the scope and broad
utility of the ligand exchange method for the preparation of a
wide range of small (dCORE ∼ 1.5 nm), functionalized nano-
particles. We describe functionalization by organic- and water-
soluble alkyl- or arylthiols (with neutral or charged headgroups)
to illustrate both the ease of preparation and the surprisingly
high tolerance of our approach to a large variety of functional
groups (Scheme 1). We also discuss convenient purification
procedures, the results of complete characterization of these
materials, and the important characteristics of the thiol-stabilized
nanoparticles obtained by our approach.

In the second part of this section, we describe a mechanistic
investigation of the ligand exchange reaction that suggests an
unexpected three-stage mechanism for the ligand exchange.
Evidence for such a mechanism is derived from product analysis
of the ligand exchange reaction,31P NMR spectroscopy, and
trapping experiments to probe for the presence of free PPh3.
The results of these experiments suggest that, initially, the
nanoparticles lose triphenylphosphine in the form of AuCl-
(PPh3). During the later stages of the exchange, the remaining
phosphines are removed as PPh3 assisted by gold complexes in
solution. We also demonstrate how the results from these studies
suggest an approach to controlling the extent of the ligand
exchange. This makes it possible to synthesize nanoparticles
with mixed ligand shells of defined, reproducible composition.

Scope and Utility I: Scope of the Ligand Exchange
Reaction. In our previous work, we demonstrated that 1.5-nm
triphenylphosphine-stabilized gold nanoparticles (1.5-nm Aun-
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TPP)14,29,30 undergo ligand exchange reactions with a few
ω-functionalized thiols to producefunctionalizednanoparticles
that preserve the core dimensions of the precursor particles but
exhibit highly increased stability against heat, aggregation, and
decomposition.23,24The development of a convenient synthesis
of 1.5-nm Aun-TPP has generated considerable interest in the
ligand exchange reactions of these nanoparticles. To exploit the
full potential of this approach, it is necessary to explore its scope
and general nature.

In the case of ligand exchanges of thiol-stabilized nanopar-
ticles with free thiols, the use of different ligands can lead to
changes in core size, incomplete exchange, or no exchange at
all.18,31 Because one might expect similar outcomes for our
method, we investigated a representative family of functionalized
thiols for their compatibility with the ligand exchange procedure
(Scheme 1).

Ligand exchange between the 1.5-nm Aun-TPP precursor
particle and functionalized thiols can be achieved by combining
the phosphine-stabilized nanoparticle with an excess of the thiol
(approximately 90-200 molar equivalents with respect to the
nanoparticle) in an appropriate solvent. Organic-soluble ex-
change products are prepared in a monophasic system (typically
using CH2Cl2 as the solvent) with a variety of alkyl- and
arylthiols. We found that the reaction time strongly depends
on the thiol ligand used and generally increases with increasing
chain length, ranging from 30 min for exchanges with pro-
panethiol up to 18 h for octadecanethiol (ODT). For aromatic
thiols, reactions times are usually longer and typically require
more than 12 h to achieve complete exchange. This trend in
reactivity is consistent with the differences in reactivity for thiol-
for-thiol ligand exchange reactions and has mainly been
attributed to steric effects.25

Water-soluble exchange products can be obtained in a similar
fashion using a biphasic solvent system (e.g., CH2Cl2-water)
in place of the organic solvent. This reaction is applicable for
thiols with either neutral or charged (cationic or anionic)
headgroups. The trend in reactivity is similar to that of the
organic-soluble nanoparticles in that short-chain ligands undergo
faster ligand exchange than long-chain ligands. Interestingly,
charged ligands generally require considerably shorter reactions
times than uncharged ligands in the biphasic reactions. This is
possibly due to increased solubility of the partially exchanged
particle in the aqueous layer.

As summarized in Scheme 1, the reaction is generally
applicable for a wide range of different aliphatic and aromatic
thiols and tolerates a surprisingly large number of functional
groups, including charged or polar headgroups, such as alcohols,

carboxylates, sulfonic acid, phosphonic acid, and ammonium
salts. Of the 22 functionalized thiols we tested, all were
compatible with this approach, and none resulted in significant
core size changes. Most thiols can be exchanged by following
a standardized procedure for either monophasic or biphasic
reactions. Only a few thiols (e.g., mercaptophenol, mercapto-
ethanesulfonic acid) required special reaction conditions to
achieve complete exchange mainly related to solubility differ-
ences between the precursor particle and the exchange product.

Scope and Utility II: Reaction Conditions for Ligand
Exchange Reactions.Successful ligand exchange depends on
a few general experimental parameters that must be controlled
in order to ensure completion of the ligand exchange and avoid
decomposition of the 1.5-nm Aun-TPP precursor particle. The
reaction proceeds to completion only when an excess of the
incoming thiol is used (approximately 90-200 molar equivalents
with respect to the nanoparticle for most thiols). Smaller
amounts of thiol usually result in incomplete exchange. On the
other hand, if too large an excess of thiol is used (more than
300 molar equivalents in most cases), the phosphine-stabilized
nanoparticles rapidly decompose rather than undergoing ligand
exchange.32 Decomposition is also observed when the exchange
reaction is carried out at elevated temperatures presumably due
to the limited thermal stability of the phosphine-stabilized
precursor particles in solution.30

In the case of biphasic ligand exchange reactions, it is
important to keep the pH of the aqueous phase close to neutral
(ideally between pH 5 and 8). Under more acidic conditions
(pH 4 and lower) the 1.5-nm Aun-TPP precursor particles
undergo rapid decomposition, significantly reducing the yield
of the reaction or preventing ligand exchange completely. At
high pH, significant disulfide formation can interfere with ligand
exchange unless the reaction is carried out under vigorously
oxygen-free conditions. Special attention is also required for
ligands with acid headgroups. Unless the ligand exchange is
performed at a pH in which such headgroups are completely
ionized, an insoluble nanoparticle material forms at the solvent
interface consisting of incompletely exchanged nanoparticles.
By using slightly basic conditions for the ligand exchange
reaction, the formation of insoluble material is avoided and the
exchange reaction proceeds to completion. For example, the best
results for carboxylic acid terminated alkylthiols (e.g., 3-mer-
captopropionic acid) were obtained using a buffered aqueous
phase (KH2PO4/K2HPO4, pH 8). These conditions are basic
enough to facilitate the reaction but still close enough to neutral
pH to avoid significant disulfide formation (appreciable disulfide
formation causes incomplete ligand exchange).

Scope and Utility III: Purification of the Exchange
Products. A convenient and rapid purification procedure is
necessary if the ligand exchange approach is to be of broad
utility. In addition, for a number of applications and studies, it
is necessary to obtain high-purity nanoparticle samples. High
purity is particularly crucial for studies that investigate structure-
function relationships because small amounts of impurities can
skew the results. It is therefore important to develop reliable
purification methods that are rapid and convenient while at the
same time grant high purity. In our initial work,23 the exchange
products were purified through a series of precipitations and/or

(29) The triphenylphosphine-stabilized Au nanoparticles used in this study were
prepared according to two different prodecures developed by Schmid et
al.30 and by our group.22 Both procedures yield nanoparticles with a core
size of 1.5( 0.5 nm, and both materials have identical optical properties.
With the exception of several biphasic ligand exchanges and the trapping
studies, all experiments reported herein were carried out using particles
prepared by both procedures. We did not observe differences in reactivity
between nanoparticles prepared by Schmid’s procedure and nanoparticles
prepared by our own synthesis. Although different chemical compositions
have been reported for both materials (i.e., “Au55(PPh5)12Cl6” for Schmid’s
nanoparticles and “Au101(PPh3)21Cl5” for particles prepared by our syn-
thesis), our experiments show that both materials have the same reactivity.
We therefore treat both materials as the same compound and refer to them
as 1.5-nm Aun-TPP for the remainder of the discussion.

(30) Schmid, G.; Pfeil, R.; Boese, R.; Brandermann, F.; Meyer, S.; Calis, G. H.
M.; Van der Velden, J. W. A.Chem. Ber.1981, 114, 3634-3642.

(31) Templeton, A. C.; Cliffel, D. E.; Murray, R. W.J. Am. Chem. Soc.1999,
121, 7081-7089.
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B 2004, 108, 2134-2139.
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solvent washes. This purification method is usually sufficient
to remove byproducts and impurities (such as excess free ligand
and residual gold salts), but it always leads to a noticeable loss
of product. Moreover, it is typically necessary to tailor this
method to the solubility characteristics and functional groups
of each new nanoparticle, making this approach time-consuming,
inconvenient, and inefficient.

A more general approach involves the use of gel filtration
chromatography with Sephadex LH-20. With this approach, we
achieve almost complete recovery of the nanoparticle material,
and we are able to remove excess free ligand, byproducts, and
residual gold salts in a rapid and efficient fashion. The versatility
of the column material allows purification of all exchange
product nanoparticles in a wide range of solvents including
chlorinated solvents, alcohols, and water using the same support.
Therefore, this technique is applicable for both organic- and
water-soluble exchange products. Furthermore, the column
material can be routinely reused after sufficient rinsing with an
appropriate solvent, reducing cost and preventing waste.

For water-soluble exchange products, it is also possible to
exploit ultracentrifugation for purification.33 At 360000g, the
particles form an oily pellet at the bottom of the tube (after

approximately 12 h of centrifugation), which can be separated
from the supernatant to remove molecular impurities. Further
purification can be accomplished by mixing the pellet with water
and repeating the centrifugation process. At least two cycles of
centrifugation are typically required because not all supernatant
liquid can be removed.34

Scope and Utility IV: Characterization of the Exchange
Products.Given the importance of structural and compositional
parameters and the need to ensure sufficient purity, the thiol-
stabilized exchange products were characterized using a com-
bination of analytical tools including nuclear magnetic resonance
(NMR) spectroscopy, UV-vis spectroscopy, transmission elec-
tron microscopy (TEM), thermogravimetric analysis (TGA), and
X-ray photoelectron spectroscopy (XPS). Analytical data for
all thiol-stabilized nanoparticles described in this report are
summarized in Table 1.

The purity of the exchange products was confirmed by1H
NMR in which the absence of sharp resonances precludes the

(33) Organic-soluble nanoparticles can only be purified by ultracentrifugation
if they are soluble in an appropriate solvent that is compatible with available
centrifugation tubes (e.g., alcohols, DMF).

(34) Usually∼90-95% of the supernatant can be separated from the oily pellet
before losing a significant amount of product.

Table 1. Analytical Data for the Ligand Exchange Products

ligand reaction time
molar equiv of thiol

relative to nanoparticles dCORE
a

1H NMR chemical shift (ppm);
NMR solvent Au:S ratiob

% ligand
by massc

HS(CH2)2CH3
d 30 min 200 1.5( 0.4 (N ) 952) 1.07 (b); CDCl3 2.3 15.4

1.88 (b)
HS(CH2)5CH3

d 4 h 200 1.5( 0.3 (N ) 1281) 0.90 (b); CDCl3 2.3 20.5
1.32 (b)
1.80 (b)

HS(CH2)9CH3
d 8 h 150 1.4( 0.4 (N ) 786) 0.90 (b); CDCl3 2.3 27.4

1.27 (b)
HS(CH2)11CH3

d 10 h 125 1.6( 0.3 (N ) 1180) 0.91 (b); CDCl3 2.3 30.3
1.26 (b)

HS(CH2)15CH3
d 15 h 100 1.6( 0.4 (N ) 1024) 0.89 (b); CDCl3 2.3 35.0

1.27 (b)
HS(CH2)17CH3

d 18 h 90 1.6( 0.5 (N ) 945) 0.90 (b); CDCl3 2.4 37.1
1.26 (b)

4-mercaptophenold 12 he 200 1.4( 0.4 (N ) 1202) 7.23 (b); CD3OD 2.7 20.1
4-mercaptotoluened 12 h 200 1.5( 0.5 (N ) 647) 2.21 (b); CDCl3 2.8 21.3

7.03 (b)
4-mercaptobiphenyld 18 h 140 1.6( 0.3 (N ) 837) 7.20 (b); CDCl3 2.7 25.5
HS(CH2)3Si(OCH3)3

d 6 h 130 1.6( 0.4 (N ) 771) 3.59 (b); CD3OD 2.5 28.1
3.82 (b)

HS(CH2)COOH f 2 h 200 1.5( 0.3 (N ) 1281) 3.30 (b); CD3OD 2.5 16.4
HS(CH2)2COOH f 2 h 180 1.5( 0.3 (N ) 821) 2.90 (b); CD3OD 2.6 17.5
HS(CH2)5COOH f 4 h 170 1.5( 0.4 (N ) 673) 2.70 (b); CD3OD 2.7 22.6
HS(CH2)11COOH f 7 h 110 1.4( 0.3 (N ) 592) 1.35 (b); CD3OD 2.9 30.6

1.61 (b)
2.28 (b)

HS(CH2)2O(CH2)2OH f 6 h 200 1.5( 0.5 (N ) 923) 3.70 (b); D2O 2.9 18.7
HS(CH2)2O(CH2)2O(CH2)2OH f 8 h 155 1.6( 0.4 (N ) 867) 3.75 (b); D2O 3.1 21.9
HS(CH2)2PO(OH)2 f 5 h 180 1.6( 0.4 (N ) 1045) 3.31 (b); D2O 2.9 18.8
HS(CH2)2NMe2‚HCl f 1 h 180 1.4( 0.6 (N ) 581) 2.90 (b); D2O 2.8 20.8

3.52 (b)
HS(CH2)2NMe3

+Cl- f 3 h 165 1.6( 0.5 (N ) 843) 3.34 (b); D2O 2.8 23.6
3.74 (b)

HS(CH2)2O(CH2)2NMe3
+Cl- f 4 h 130 1.6( 0.5 (N ) 732) 3.21 (b); D2O 2.7 28.4

3.62 (b)
HS(CH2)2O(CH2)2O(CH2)2NMe3

+Cl- f 5 h 95 1.6( 0.4 (N ) 853) 3.20 (b); D2O 2.7 31.7
3.61 (b)
3.90 (b)

HS(CH2)2SO3
-Na+ g 12 h 155 1.5( 0.3 (N ) 1281) 3.31 (b); D2O 2.6 25.1

a Core diameter in nanometers (mean( std dev) from analysis of representative TEM images.N refers to the number of particles measured.b Ratio
obtained from quantification of the areas of the XPS signals.c Obtained from TGA analysis.d Synthesized according to the general procedure for the preparation
of organic-soluble nanoparticles.e The reaction is carried out in CH2Cl2 for 8 h until a black precipitate is formed. The solvent is replaced with methanol
and the mixture stirred for an additional 4 h.f Synthesized according to the general procedure for the preparation of water-soluble nanoparticles.g This
material is obtained in a two-step synthesis as described elsewhere.24
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presence of excess free ligand and residual gold salts (e.g., AuCl-
(PPh3) and higher coordinated Au(I) complexes.35,36 For ex-
changes involving nonaromatic thiols,1H NMR can also be used
to confirm that the exchange proceeds to completion (as
indicated by the absence of the broad aromatic resonance due
to the gold-bound phosphines).37

The particle core size was initially assessed by UV-vis
spectroscopy.38 The absence of a plasmon resonance in the
optical spectra of the exchange products is consistent with the
preservation of the small core size (<2 nm) of the phosphine-
stabilized precursor particle. This inference is confirmed by
measurement of the core sizes from representative TEM images
of the nanoparticles.39 A typical average core size for the
exchanged particles (fromN > 500 particles/sample) is ap-
proximately 1.5( 0.4 nm (Table 1).

Finally, the chemical composition was quantified by a
combination of XPS and TGA. The absence of phosphorus and
chlorine signals in the XPS analysis suggests that the ligand
exchange reactions are complete and that all phosphine-
containing byproducts have been removed.40 Quantitative XPS
analyses give gold-to-sulfur ratios varying from 2.3:1.0 to 3.1:
1.0, depending on the ligand. In all cases, these ratios are in
good agreement with ratios obtained by TGA. Under the
assumption that the nanoparticle core corresponds to ap-
proximately 100 gold atoms,41 these ratios correspond to an
average number of 32-45 thiol ligands/nanoparticle.42 Quali-
tatively, nanoparticles stabilized with bulkier aromatic thiols and
thiols with functional groups (either internal or peripheral)
exhibit lower surface coverage than nonfunctionalized alkylthi-
ols.38

Scope and Utility V: Characteristics of the Exchange
Products. The thiol-stabilized ligand exchange products ob-
tained by our method possess a number of highly desirable
properties that set them apart from their phosphine-stabilized
precursors and other thiol-stabilized nanoparticles. Our approach
yields nanoparticles that exhibit a high stability that is compa-
rable to other thiol-stabilized nanoparticles.43 This represents a
remarkable stability increase in comparison to the phosphine-

stabilized precursors which rapidly decompose in solution to
(predominantly) AuCl(PPh3) and Au(0) within a few hours.30

In addition, the approach allows for complete ligand ex-
change, generating thiol-stabilized nanoparticles with a ligand
shell containing only one type of thiol. This is in contrast to
thiol-for-thiol ligand exchange reactions which typically result
in mixed ligand shells.25,44 Deliberate access to mixed ligand
shell compositions can be achieved by using a feedstock of
different thiols during the exchange reaction or using an
insufficient amount of thiol to complete the ligand exchange.
It is also possible to produce mixed ligand shells by using
disulfides instead of thiols.45

Finally, the small core dimension and narrow size dispersity
of the precursor particles is essentially preserved46 in the
exchange products as synthesized. This is especially important
for electronic and optical applications that require convenient
access to a diverse family of functionalized nanoparticles with
controlled physical properties.1

Mechanistic Studies I: General Considerations.In the
previous section, we illustrated the scope and general nature of
the ligand exchange reaction between 1.5-nm Aun-TPP precur-
sor particles and thiols. We now focus on a detailed mechanistic
investigation of the course of these reactions to learn more about
the fundamental reactivity of this important class of nanoma-
terials. We present an analysis of the products and byproducts
of the exchange reaction between Aun-TPP and ODT using
NMR spectroscopy to monitor each species throughout the
course of the reaction. These studies are accompanied by
trapping experiments designed to probe the fate of the exchanged
PPh3 ligands. A second series of NMR experiments gives
detailed insight into the progression of the ligand exchange. We
show that the results of this study can be used in combination
with the product analysis studies to control the ligand shell
composition of the nanoparticles by partially blocking the
exchange. Finally, we propose a three-stage mechanistic model
for the ligand exchange that is based upon our experimental
evidence.47

Mechanistic Studies II: Product Analysis of the Ligand
Exchange Reaction of 1.5-nm Aun-TPP with Alkyl Thiols.
During our initial studies of the ligand exchange reaction
between 1.5-nm Aun-TPP and thiols, we observed that AuCl-
(PPh3) 48 and polyphosphine gold(I) complexes (i.e., (PPh3)n-
AuCl) are the main identifiable phosphine-containing products

(35) Attar, S.; Bearden, W. H.; Alcock, N. W.; Alyea, E. C.; Nelson, J. H.Inorg.
Chem.1990, 29, 425-433.

(36) Terrill, R. H.; Postlethwaite, T. A.; Chen, C.-h.; Poon, C.-D.; Terzis, A.;
Chen, A.; Hutchison, J. E.; Clark, M. R.; Wignall, G.; Londono, J. D.;
Superfine, R.; Falvo, M.; Johnson, C. S. H., Jr.; Samulski, E. T.; Murray,
R. W. J. Am. Chem. Soc.1995, 117, 12537-12548.

(37) Sometimes (especially in monophasic exchanges using organic-soluble
thiols) a small broad signal centered around 7.5 ppm can be seen which
corresponds to unexchanged phosphines or AuCl(PPh3) impurities. On the
basis of integration of the NMR signals, less than∼3% phosphines (with
respect to the thiols) are present in these cases. XPS analysis shows only
trace amounts of AuCl(PPh3) (on the basis of the Au 4f signal) with no
detectable phosphorous signal. Free thiol cannot be detected by NMR
spectroscopy after successful purification.

(38) See Supporting Information.
(39) Brown, L. O.; Hutchison, J. E.J. Phys. Chem. B2001, 105, 8911-8916.
(40) The only exceptions noted to date are the mercaptoethanesulfonate-stabilized

nanoparticles, which only partially exchange as reported earlier.24 However,
in this case the ligand exchange can be driven to completion in a subsequent
step using a 1:1 water/THF mixture.

(41) On the basis of our previous study,14 the composition of 1.5-nm Aun-TPP
nanoparticles is approximately Au101(PPh3)21Cl5. This is in good agreement
with theoretical calculations that give 104 core atoms for a 1.5-nm Au
particle (using a spherical core geometry).

(42) Using a spherical model for the nanoparticle surface and a footprint for a
thiol ligand of∼0.214 nm2 (a typical value for alkylthiol SAMS), the surface
coverage of the nanoparticles with thiols varies between 78 and 108%.
This estimate does not take into account that the different thiols presumably
have different footprints and that there are different binding sites on the
nanoparticle surface (planes, edges, vertices). For example, a thiol may
have a smaller footprint near a facet edge than on a flat surface.

(43) As monitored by UV-vis spectroscopy, the particles do not show any
noticeable degradation in solution over extended periods of time (up to
several weeks) and can be heated in solution at 75°C for over 9 h.23,24 In
addition, the water-soluble exchange products reported here show good
stability over a wide pH range (typically pH 1-12) and toward high-salt
conditions,24 which makes them suitable for a wide range of applications.

(44) Ingram, R. S.; Hostetler, M. J.; Murray, R. W.J. Am. Chem. Soc.1997,
119, 9175-9178.

(45) Wellsted, H.; Sitsen, E.; Caragheorgheopol, A.; Chechik, V.Anal. Chem.
2004, 76, 2010-2016.

(46) As will be shown in the next section, a small amount of gold atoms (∼5%)
is lost during the exchange reaction. However, this loss of core atoms results
in an immeasurable change in the particle core diameter.

(47) It is important to note that the present study only investigates ligand
exchange reactions with nonpolar ligands in organic solvents. The three-
stage mechanism may or may not be applicable to exchanges with polar
ligands in aqueous solution.

(48) A complicating factor for the following mechanistic discussion is that
samples of 1.5-nm Aun-TPP always contain trace amounts of AuCl(PPh3)
which can be seen in the UV-visible spectrum.38 However, the31P NMR
spectrum does not show any peak, suggesting that the amount of AuCl-
(PPh3) is either too small to be detected by NMR or that it is involved in
an exchange reaction with the nanoparticle. It is possible that the rapid
formation of phosphine-rich mixtures of AuCl(PPh3) described below could
be caused in part by the presence of AuCl(PPh3) in the nanoparticle sample.
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of the ligand exchange. Free PPh3 was not found in the reaction
mixture. This was unexpected because for a simple ligand
exchange reaction one might expect that the phosphine ligands
dissociate as free PPh3. This suggested that thiol-for-phosphine
exchange reactions follow a significantly different mechanism
than thiol-for-thiol exchanges. We therefore designed a series
of 31P NMR spectroscopy experiments to study the replacement
of the phosphine ligands in detail.

In a first experiment, we investigated the ligand exchange
between 1.5-nm Aun-TPP and ODT using an excess of the
thiol (90 molar equivalents ODT with respect to the nanopar-
ticle) to ensure complete exchange. We found that immediately
after addition of ODT to the nanoparticle solution (∼1 min),
AuCl(PPh3) was produced as the only observable phosphine-
containing species with its characteristic phosphorus chemical
shift of 32.9 ppm. The formation of AuCl(PPh3) as the leaving
group of the ligand exchange reaction explains the absence of
chlorides in the thiol-stabilized nanoparticles but does not
account for all of the phosphine ligands that are replaced by
the incoming thiol ligands. The31P NMR spectrum of the crude
reaction mixture after completion of the exchange showed a
single, broadened peak at 24.7 ppm. Free PPh3 was not observed
at any stage of the reaction. Even deliberate addition of free
PPh3 to the reaction mixture after completion of the ligand
exchange did not lead to the appearance of a resonance for free
PPh3 in the31P NMR spectrum. Instead, the broadened peak at
24.7 ppm shifted further upfield with increasing addition of free
PPh3.

To understand the results from our product analysis studies,
it is important to elucidate the nature of the observed line
broadening in the31P NMR spectra. Line broadening has been
observed previously in a number of other studies that investi-
gated the dynamics of ligand exchanges in solutions containing
phosphine-stabilized nanoparticles28,49and Au(I)-phosphines.50

On the basis of these studies28,49,50and our own experiments, it
seems likely that at least two types of reactions can lead to line
broadening: (i) exchange between PPh3 and the phosphine-
stabilized nanoparticles and (ii) exchange between PPh3 and
AuCl(PPh3).

It was recently reported that addition of 1.5-nm Aun-TPP
to a solution of PPh3 leads to line broadening and a downfield
shift of the31P NMR resonance of PPh3.28 The line broadening
was explained as a slow ligand exchange between 1.5-nm Aun-
TPP and PPh3 (the exchange rate was assumed to be in the
millisecond regime). The authors also considered that the
broadening could be due to the exchange of PPh3 with AuCl-

(PPh3) (always present as an impurity in samples of PPh3-
stabilized nanoparticles) but concluded that this exchange is too
rapid and should lead to line narrowing. This conclusion was
based upon studies by Schmid et al. who estimated this exchange
to be in the microsecond regime.30,49However, our own results
and a previous report by others50 suggest that the exchange
reaction between PPh3 and AuCl(PPh3) leads to line broadening,
not to line narrowing. Thus, it appears that ligand exchange
between 1.5-nm Aun-TPP and PPh3 may be more complex,
possibly involving AuCl(PPh3) in the exchange chemistry. In
the present study, thiols bind to the nanoparticle surface,
preventing the exchange between PPh3 or AuCl(PPh3) with the
nanoparticle; thus, the observed line broadening is solely due
to the exchange between PPh3 and AuCl(PPh3) in the phosphine-
rich mixture of AuCl(PPh3) produced as a result of the ligand
exchange. Based upon the31P NMR chemical shift of the
mixture, we can estimate a ratio between PPh3 and AuCl(PPh3)
of approximately 2.5:1 at the end of the exchange.38 For a more
detailed discussion of phosphine exchange reactions of gold
complexes and nanoparticles, see the Supporting Information.

Mechanistic Studies III: Trapping Studies for Free PPh3

during Ligand Exchange. To understand the fate of the
phosphine ligands and to determine if free PPh3 is produced as
a leaving group at any stage, a trapping experiment was
performed to assay PPh3 in solution. The trapping species
selected was 1-azido-2,4-dinitrobenzene because it rapidly
undergoes a Staudinger reaction with PPh3,51 resulting in an
iminophosphorane that is easily observable by NMR (see
Scheme 2).

We first conducted a series of control experiments to test
the ability of the azide (1-azido-2,4-dinitrobenzene) to trap PPh3

in the presence of AuCl(PPh3), phosphine-stabilized nanopar-
ticles, alkylthiols, and phosphine-rich mixtures of AuCl(PPh3).
Upon addition of PPh3 to a solution of AuCl(PPh3) and the azide,
the iminophosphorane (via the phosphazide) was immediately
formed and two signals are observed in the31P{1H} NMR
spectrumsone corresponding to AuCl(PPh3) (δ ) 32.9 ppm)
and one to the iminophosphorane (δ ) 9.4 ppm).52 In contrast,
the azide shows no noticeable reaction with solutions of the
1.5-nm Aun-TPP, AuCl(PPh3), or ODT over the course of
several hours. The azide reacts with phosphine-rich mixtures
of AuCl(PPh3) more slowly and only when an excess of PPh3

(49) Schmid, G.Struct. Bonding1985, 62, 51-85.
(50) Alyea, E. C.; Malito, J.; Attar, S.; Nelson, J. H.Polyhedron1992, 11, 2409-

2413.
(51) Staudinger, H.; Meyer, J.HelV. Chim. Acta1919, 2, 635-646.
(52) No formation of [Au(PPh3)2]+Cl- is observed in this situation.

Scheme 2. Reactivity of 1-Azido-2,4-Dinitrobenzene with Phosphine-Containing Compounds and the Resulting 31P NMR Chemical Shifts

Thiol-Functionalized, 1.5-nm Gold Nanoparticles A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 127, NO. 7, 2005 2177



(>1 equiv) is present.38 These controls show that, in a
competition experiment, free PPh3 reacts much faster with the
azide than it does with AuCl(PPh3). However, if PPh3 is part
of a preexistingphosphine-rich mixture with AuCl(PPh3), the
azide is unable to compete with AuCl(PPh3) for PPh3.

When 1-azido-2,4-dinitrobenzene is added to the ligand
exchange mixture of 1.5-nm Aun-TPP and ODT, free ODT is
consumed (as indicated by the disappearance of the methylene
resonances closest to the sulfur; see below for details), confirm-
ing that the course of the exchange reaction is unaffected by
the presence of the azide. Although the ligand exchange
proceeds immediately, the azide remains unreacted, until near
the end of the reaction when some iminophosphorane is formed.
This means that free PPh3 is not present in solution during the
early stages of the reaction. The iminophosphorane produced
near the end of the exchange is likely due to the reaction of the
azide with the phosphine-rich Au(I) mixture (i.e., mixtures of
AuCl(PPh3) containing PPh3) that builds up as the reaction
proceeds.

A similar product distribution is observed for the decomposi-
tion of 1.5-nm Aun-TPP in theabsenceof thiol.53 As the
nanoparticle decomposes in solution, the UV-visible spectrum
displays an increase in absorbance between 230 and 300 nm,
consistent with the formation AuCl(PPh3).38 However, as in the
case of thiol-for-phosphine ligand exchange reactions, AuCl-
(PPh3) cannot be the only phosphine-containing product given
the phosphine-rich composition of the particle. Trapping studies
(to trap free PPh3) show similar results to thiol-for-phosphine
ligand exchange studies and indicate that PPh3 is not present in
solution at any time during decomposition. Instead, the31P NMR
spectrum shows a single, slightly broadened peak that indicates
the presence of polyphosphine gold complexes.50

If the remaining phosphine ligands are liberated from the
nanoparticle as free PPh3, one would expect immediate forma-
tion of iminophosphorane because the trapping reagent is used
in excess and reacts much faster with PPh3 than does AuCl-
(PPh3). The lack of iminophosphorane formation until late in
the ligand exchange strongly suggests that free PPh3 is not
present in solution. Instead, our results are more consistent with
a scenario in which AuCl(PPh3) (or polyphosphine complexes)
associates with the nanoparticle surface and assists directly in
the removal of the remaining phosphine ligands, resulting in
the formation of polyphosphine Au complexes. In this situation,
free PPh3 is not available in solution and therefore does not
react with the azide. The formation of iminophosphorane product
toward the end of the reaction results because the excess of
PPh3 over AuCl(PPh3) becomes high enough so that PPh3 can
be removed from the phosphine-rich AuCl(PPh3) mixture by
the trap. This is in agreement with our observation that the azide
forms iminophosphorane with phosphine-rich mixtures of AuCl-
(PPh3) very slowly.38

Mechanistic Studies IV: Monitoring the Ligand Exchange
Reaction by1H NMR Spectroscopy.The product analysis and
trapping studies give important insight into the fate of the
phosphines during the ligand exchange process. The experi-
mental evidence suggests that the ligand exchange involves
several different stages and is not a simple substitution of the
phosphine ligands by thiols. For clarity of the following

discussion, we divide ligand exchange into three defined,
separate stages. However, one can expect that these stages
overlap to a certain extent rather than being strictly separated
in time.

To gain a more detailed understanding about the progression
of the ligand exchange, we carried out a series of experiments
to monitor the ligand exchange in real time. These studies should
not only be interesting from a fundamental point of view but
could also provide valuable information that would allow for
better control of the ligand exchange.

1H NMR spectroscopy has proven a useful tool to monitor
the progression of ligand exchange reactions.25 Due to significant
differences between the1H NMR spectra of ligand-stabilized
nanoparticles and those of the free ligands, NMR spectroscopy
can differentiate between unbound free ligand and gold-bound
ligand.38 In comparison to free thiols, the spectrum of thiol-
stabilized Au nanoparticles38 shows significant broadening and
a downfield shift for the two methylene resonances closest to
the sulfur, as well as a general broadening for the methylene
resonances in the chain.36

To follow the progression of the exchange reaction by1H
NMR spectroscopy, we performed a ligand exchange experiment
for the reaction of 1.5-nm Aun-TPP with approximately enough
ODT to just replace all phosphine ligands. The solution was
monitored until no more changes were observed in the1H NMR
spectrum, indicating termination of the exchange. On the basis
of the NMR data, we found that the reaction can be divided
into three stages that are each accompanied by changes in the
1H NMR spectrum.

During the initial 1-2 min of the reaction (stage 1), the
intensity of theR-methylene signal rapidly decreases as ODT
is removed from solution and adsorbed onto the nanoparticle
surface (Figure 1A). At the same time, a corresponding increase
in the concentration of phosphine species in solution is observed,

(53) Decomposition of 1.5-nm Aun-TPP most likely results in the formation
of Au(0) and AuCl(PPh3).

Figure 1. Time evolution of the ligand exchange between 1.5-nm Aun-
TPP (c ) 66.7 µmol/L) and ODT (c ) 16.7 mmol/L) monitored by1H
NMR spectroscopy (note the nonlinear time scale). (A)R-Methylene
resonance of ODT and (B)â-methylene resonance of ODT.
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and the31P NMR spectrum immediately shows a peak at 32.9
ppm which is characteristic of AuCl(PPh3). Figure 2 shows the
concentration profiles of ODT bound to the nanoparticle and
phosphine species in solution. During the first 1-2 min of the
exchange, almost half of the total amount of the phosphine
species is already liberated. This is consistent with the rapid
loss of the total amount of AuCl(PPh3) and partial removal of
the remaining phosphine ligands in the form of Au(I) complexes
as described above.

After this initial, fast phase of the reaction, the thiol ligand
shell is slowly completed over the course of∼60 min, which
can be followed by a linear downfield shift of theâ-methylene
protons over time (Figure 1B). During this period, theR-me-
thylene protons are completely broadened into the base line.
The concentration profiles show that during this time interval
the increase in the phosphine concentration drastically slows
down, indicating that essentially all phosphines have been
removed from the nanoparticle (Figure 2).

During the final, third stage of the exchange reaction (between
∼60 min and the final measurement), theâ-methylene resonance
becomes significantly more broadened and continues to shift
downfield (Figure 1B).54 The change is most likely caused by
reorganization of ODT into a more crystalline state with specific
associated chemical environments for the ligands. This may
involve rearrangement of chemisorbed thiolates or loss of
hydrogen in a conversion from physisorbed thiol to chemisorbed
thiolate.55 Rearrangement of chemisorbed thiols may help
explain the increased reaction time necessary for longer chain
thiols. It is quite likely that these processes are also accompanied
by a slight rearrangement of the gold core initiated by the loss

of Au atoms in the production of AuCl(PPh3). The observed
splitting of theâ-methylene signal is believed to correspond to
differing binding sites for the thiolates (e.g., faces, edges, and
vertices).56

Mechanistic Studies V: Partial Inhibition of the Ligand
Exchange.All of the experiments described so far suggest that
part of the phosphine ligand shell is replaced in the form of
AuCl(PPh3) and not as PPh3 during the initial stage of the ligand
exchange. The remainder of the PPh3 is lost during later stages
of the exchange reaction by a different mechanism involving
assisted removal of the ligands by gold complexes in solution.
These results pose two fundamental questions: (i) what limits
the production of AuCl(PPh3) and leads to a change in
mechanism, and (ii) can this change in mechanism be used to
control the extent of ligand exchange by specifically inhibiting
part of the exchange reaction?

To answer these two questions, we designed an experiment
to block the replacement of the phosphines as PPh3 by
performing an exchange reaction between ODT and 1.5-nm
Aun-TPP in the presence of an excess of PPh3. Addition of an
excess of PPh3 to the reaction mixture should specifically inhibit
the loss of PPh3 during the later stages of the ligand exchange
(as this stage is dependent on the concentration of PPh3). Loss
of AuCl(PPh3) during the first stage should not be affected
because the formation of AuCl(PPh3) is presumably independent
of the concentration of free PPh3 in solution. The extent of
inhibition should allow quantification of the relative amount of
AuCl(PPh3) produced and give insight into what is the limiting
factor for the production of AuCl(PPh3).

The exchange reaction between ODT and 1.5-nm Aun-TPP
was carried out as described in the previous section but with
the addition of a 4-fold molar excess of PPh3 over the amount
of ODT. The amount of ODT was chosen to just replace all
nanoparticle-bound phosphine ligands. We followed the reaction
by 1H NMR spectroscopy and compared it to an identical
reaction of ODT with 1.5-nm Aun-TPP but without adding
PPh3.

The results are summarized in Figure 3 which shows the
percentage of ODT in solution over time.57 Without addition
of PPh3 (Figure 3,[) the percentage of unbound ODT rapidly
decreases by approximately 60% during the first minute of the
reaction (first measurement). The exchange process slows down
as the reaction progresses and is complete after approximately
400 min at which time essentially all ODT has been consumed.
The situation changes dramatically when excess PPh3 is added
to the exchange reaction (Figure 3,b). The percentage of free
ODT still shows a rapid decrease during the first minutes of
the reaction, indicating that the initial stages of the exchange
remain largely unaffected by the addition of PPh3. However,
the consumption of free ODT during this initial phase is
significantly less than in the absence of PPh3 (∼15% ODT is
immediately consumed). The amount of free ODT in solution
slowly stabilizes at approximately 70% after the first 300 min

(54) The ligand exchange is most likely complete at this stage, although some
exchange might still take place. The concentration profiles in Figure 2 only
show minimal changes in the amount of phosphine species in solution and
bound ODT.

(55) The fate of the thiol hydrogen is still a subject of speculation within the
literature, but recent experiments show that it is possible to adsorb intact
thiols onto Au nanoparticles (with subsequent hydrogen removal) under
certain conditions. See: Hasan, M.; Bethell, D.; Brust, M.J. Am. Chem.
Soc.2002, 124, 1132-1133.

(56) Badia, A.; Gao, W.; Singh, S.; Demers, L.; Cuccia, L.; Reven, L.Langmuir
1996, 12, 1262-1269.

(57) We used the ratio between the integrals of theR-CH2 (closest to the sulfur)
and the terminal CH3 as a measure for the amount of ODT in solution.
The signal for theR-CH2 protons disappears when the ligand is bound to
the gold surface, whereas the intensity of the signal for the terminal CH3
remains unchanged.

Figure 2. Concentrations of bound ODT ([) and phosphine-containing
species in solution (9) as a function of time during ligand exchange. The
concentration of bound ODT was derived from the initial concentration of
ODT and the integration ratios of theR-methylene resonance to tetra-
methylsilane (TMS, internal standard). The concentration of free phosphine
in solution was derived from the integration ratio of total free phosphine to
TMS.
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of the reaction, indicating that no more thiols are being adsorbed
onto the nanoparticle.

The resulting partial inhibition of the ligand exchange by the
addition of an excess of PPh3 is consistent with our observations
that AuCl(PPh3) leaves the nanoparticle as an entity during the
first stage of the exchange followed by the loss of PPh3. On
the basis of the extent of ligand exchange still occurring in the
presence of excess PPh3, we can further conclude that the
limiting factor for the production of AuCl(PPh3) is the number
of chlorides (i.e., five Cl-) initially contained in the ligand shell
of the phosphine-stabilized precursor nanoparticle. Given the
average chemical composition of the nanoparticle (“Au101(PPh3)21-
Cl5”), it is expected that approximately 25% of the phosphine
ligands can be replaced in the form of AuCl(PPh3) before all
chloride ligands are used up. This is in good agreement with
the data presented in Figure 3, showing that approximately 30%
of the initial ligand shell is replaced.58 In addition, XPS data of
the partially exchanged nanoparticles shows that approximately
28% of the ligand shell consists of thiols.59

The production of nanoparticles with a mixed phosphine/thiol
ligand shell (with a controlled ratio) provides a novel route for
the synthesis of fully thiol-stabilized nanoparticles that have two
different thiols in the ligand shell. Preliminary experiments have
shown that the remaining phosphine ligands can be exchanged
in a subsequent exchange reaction resulting in the formation of
thiol-stabilized nanoparticles with a mixed thiol/thiol ligand
shell. We are currently investigating if this route produces thiol-
stabilized nanoparticles with a controllable ratio of different
thiols.

Mechanistic Studies VI: Proposed Mechanism of the
Ligand Exchange Reaction.In the case of thiol-for-thiol ligand

exchange reactions, mechanistic studies could be used to
determine possible reaction pathways of the exchange reactions
and to obtain important information about their dynamics. For
example, Murray’s studies of the dynamics of thiol-for-thiol
ligand exchange reactions on 2-3-nm gold nanoparticles could
be used to propose an SN2-type associative mechanism in which
the entering thiol protonates a bound thiolate ligand in the rate-
determining step.25 Evidence that the rate for ligand exchange
decreases with increasing length and bulkiness of the incoming
thiol ligand further supported this mechanism. These findings
were confirmed by Montalti et al. who studied the ligand
exchange of pyrene-functionalized nanoparticles with decaneth-
iol using fluorescence spectroscopy.26 Recently, the ligand
exchange reaction with a stable radical-functionalized disulfide
was investigated by electron paramagnetic resonance (EPR).27

The authors proposed a dissociative mechanism based upon their
experimental data in which the rate-determining step is the
dissociation of a bound thiolate. The proposed mechanism is
probably only valid for nanoparticles initially stabilized with
weakly bound ligands such as short-chain alkylthiols, amines,
and sulfides.

In the present study of thiol-for-phosphine ligand exchange
reactions, the NMR product studies and the shapes and chemical
shifts of the NMR peaks provide evidence for a three-stage
mechanism rather than a pure associative or dissociative
mechanism. The proposed mechanism for the ligand exchange
reaction of 1.5-nm Aun-TPP with thiols is shown in Figure 4.
As mentioned earlier, the different stages most likely overlap
but will be treated separately for clarity. The initial stage of the
exchange is characterized by the loss of approximately 25% of
the phosphine ligands from the nanoparticle in the form of AuCl-
(PPh3). This initial phase is very rapid and is probably completed
during the first 1-2 min of the exchange reaction. The loss of
AuCl(PPh3) supports the absence of chloride ligands in the final
nanoparticle and indicates a small decrease in the number of
core atoms during ligand exchange. Once no more AuCl(PPh3)
can be produced (in which the chloride ligands in the reactant
ligand shell are the limiting substituent), the mechanism for the
replacement of the phosphine ligands switches and the remaining
phosphines are removed in a second stage as PPh3.

Replacement of phosphines as PPh3 can occur via one of two
possible pathways: In pathway I (Figure 4), the remaining PPh3

ligands first dissociate from the nanoparticle as free PPh3 and
then rapidly react with AuCl(PPh3) in solution to form
[Au(PPh3)2]+Cl- or higher gold-phosphine salts. Alternatively
(Figure 4, pathway II), PPh3 is abstracted by direct transfer from
the nanoparticle to a closely associated AuCl(PPh3) in a
concerted reaction without ever being free in solution. Both
possible pathways result in the same product formation,
[Au(PPh3)2]+Cl- and other multiphosphine gold(I) complexes.
On the basis of the trapping experiments (no formation of
iminophosphorane until late in the reaction), pathway II appears
to be more plausible because PPh3 is not free in solution at any
time during the exchange.

For either pathway I or II, the actual exchange between
surface-bound phosphine and thiol could be either associative
(with an SN2-type pathway involving incoming thiol helping
to displace the thiol) or dissociative (with an SN1-type pathway).
Supporting evidence for the feasibility of dissociative exchange
includes the decomposition of phosphine-stabilized nanoparticles

(58) The error for each data point in Figure 3 was estimated to be roughly(10%
on the basis of difficulties of measuring the integrals exactly due to line
broadening and partial signal overlap.

(59) This number was obtained from quantifying the signals for sulfur and
phosphorous, which gave a thiol/phosphine ratio of 1.0:2.6.

Figure 3. Percentage of ODT in solution to the total amount of ODT added
to the ligand exchange reaction as a function of time. The first measurement
was taken approximately 60 s after mixing. The diamonds ([, lower trace)
show the profile for the exchange reaction with the stoichiometric amount
of ODT added to achieve complete exchange. The circles (b, upper trace)
represent the profile of ODT in solution for an identical ligand exchange
using a stoichiometric amount of ODT, but in addition an excess of PPh3

was added to the reaction mixture prior to the exchange. The following
concentrations were used: [1.5-nm Aun-TPP] ) 66.7 µmol/L; [ODT] )
16.7 mmol/L; [PPh3] ) 66.7 mmol/L.
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in the absence of thiol.23,60 Since the product features an
increased number of ligands, the complete mechanism must
feature addition steps as well as substitution steps.

During the final period of the ligand exchange (Figure 4)
the ligand shell is being completed and the thiol ligands are
reorganized into a more crystalline state with specific associated
chemical environments for the ligands. This stage is character-
ized by a continued downfield shift and broadening of the
â-methylene resonances. As mentioned above, this rearrange-
ment could be a simple rearrangement of chemisorbed thiolates,
or it could also involve loss of hydrogen in a conversion from
physisorbed thiol to chemisorbed thiolate.

III. Conclusions

The ligand exchange method described in this study offers a
general and convenient approach for the preparation of highly
functionalized thiol-stabilized gold nanoparticles from a readily
accessible phosphine-stabilized precursor nanoparticle. The
surprisingly high tolerance for a large variety of technologically
important functional groups makes this approach of great interest
for many different nanoparticle applications. This approach will
prove highly useful by providing convenient access to previously
inaccessible nanoparticles in the size regime of 1-2 nm. In
combination with the ease of preparation and the defined
properties of the resulting thiol-stabilized nanoparticle products
(e.g., complete thiol-ligand shell, preservation of the small core
size, high stability), we anticipate that the described ligand
exchange approach will be of great utility.

The results from our mechanistic studies of the ligand
exchange reaction provide detailed insight into the progression
of these reactions and revealed an unexpected three-stage
mechanism. Apart from this fundamental understanding, the
mechanistic studies also have important practical implications
for controlling the composition of the ligand shell. The ability
to partly block the ligand exchange in a controlled manner opens
up new avenues to novel nanoparticles with mixed phosphine/
thiol ligand shells. Initial experiments already suggest that such
particles can be used themselves as precursors for particles with
mixed thiol/thiol ligand shells. This is particularly interesting

for numerous applications because it could allow for the
preparation of stable nanoparticles that only contained a small
but controlled number of functional groups.

IV. Experimental Section

Materials. Hydrogen tetrachloroaurate (HAuCl4‚3H2O) was pur-
chased from Strem and was used as received. Dichloromethane was
distilled over calcium hydride prior to use. Deuterated chloroform was
filtered through a plug of basic alumina prior to use to remove acidic
impurities. 1-azido-2,4-dinitrobenzene,61 2-(2-mercaptoethoxy)ethanol,62

and 2-[2-(2-mercaptoethoxy)ethoxy]ethanol62 were synthesized accord-
ing to known procedures. All other compounds were purchased from
Aldrich Chemical Co. and used as received.

Analytical Procedures. Nuclear magnetic resonance spectra were
collected at 25°C on a Varian Unity Inova 300 MHz instrument
equipped with a four-channel probe (13C, 75.42 MHz;31P, 121.43 MHz).
For 1H and13C NMR, chemical shifts were referenced to the residual
proton resonance of the solvent. For31P NMR spectroscopy, the spectra
were referenced to H3PO4 (external standard). X-ray photoelectron
spectroscopy was performed on a Kratos Axis HSi instrument operating
at a base pressure of∼5 × 10-9 mmHg using monochromatic Al KR
radiation at 15 mA and 13.5 kV. Nanoparticle samples were drop-cast
from solution onto a clean glass slide. Samples were charge-
compensated, and binding energies were referenced to carbon 1s at
284.4 eV. UV-visible spectra were obtained on a Hewlett-Packard
8453 diode array instrument with a fixed slit width of 1 nm using 1-cm
quartz cuvettes. Thermal gravimetric analysis was performed on a TA
instruments Hi-Res TGA 2950 thermogravimetric analyzer under
nitrogen atmosphere (flow rate 100 mL/min). Samples (1-2 mg) were
deposited onto Al pans either as powders or by drop-casting from
dichloromethane and placed in the instrument until a stable weight was
obtained prior to analysis. The samples were heated at a rate of 5°C/
min up to 100°C, held at that temperature for 15 min to ensure
evaporation of all solvent, and then heated to 500°C at a rate of 5
°C/min. Transmission electron microscopy (TEM) was performed on
a Philips CM-12 operating at 120 kV accelerating voltage. Samples
were prepared by aerosol deposition of aliquots onto silicon monoxide-
coated 400-mesh Cu TEM grids (Ted Pella). Excess solvent was wicked
off the grids with filter paper, and the samples were allowed to dry
under ambient conditions prior to inspection by TEM. Images were
recorded and processed as described previously.39,63

(60) Benfield, R. E.; Creighton, J. A.; Eadon, D. G.; Schmid, G.Z. Phys. D:
At., Mol. Clusters1989, 12, 533-536.

(61) Bailey, A. S.; Case, J. R.Tetrahedron1958, 3, 113-131.
(62) Woehrle, G. H.; Warner, M. G.; Hutchison, J. E.Langmuir2004, 20, 5982-

5988.
(63) Woehrle, G. H.; Hutchison, J. E.; O¨ zkar, S.; Finke, R. G. Submitted for

publication.

Figure 4. Proposed three-stage mechanism for the ligand exchange reaction between 1.5-nm Aun-TPP and thiols. In the initial stage, part of the phosphine
ligand shell is rapidly replaced in the form of AuCl(PPh3) until no more particle-bound chlorides are available. This initial phase is followed by removal of
the remaining phosphine ligands either as free PPh3 in solution (pathway I) or through direct transfer of PPh3 to closely associated AuCl(PPh3) (pathway II).
During the final stage, the completed thiol ligand shell is reorganized into a more crystalline state. Although treated as separate stages, it is mostlikely that
the three stages overlap to a certain extent.
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Synthetic Procedures. (A) Synthesis of Triphenylphosphine-
Stabilized Nanoparticles (1.5-nm Aun-TPP). Triphenylphosphine-
stabilized nanoparticles (1.5-nm Aun-TPP) were synthesized using two
different procedures. The first procedure was described by Schmid et
al. and employs the reduction of AuCl(PPh3) with diborane gas.64

Alternatively, triphenylphosphine-stabilized nanoparticles were syn-
thesized according to a more benign procedure using NaBH4 recently
published by our group.14,22Both materials had identical spectroscopic
properties and reactivities in all experiments.

(B) General Procedure for the Preparation of Organic-Soluble
Gold Nanoparticles.To a solution of 20 mg of 1.5-nm Aun-TPP in
dichloromethane (5 mL) was added 20 mg of the organic-soluble thiol
ligand.65 The mixture was stirred rapidly at room temperature until
completion of the ligand exchange reaction. The reaction time depends
on the incoming ligand and varies from 30 min for propanethiol up to
18 h for long-chain alkylthiols. Upon completion of the exchange
reaction the solvent was removed under a stream of nitrogen at room
temperature. The crude material was dissolved in the minimum amount
of dichloromethane and purified by column chromatography using
Sephadex LH-20 to remove byproducts and excess free ligand. The
purity of the product (as indicated by the absence of free ligand or
molecular gold species) is determined by1H NMR spectroscopy, and
the material can be further characterized by UV-vis spectroscopy, XPS,
TGA, and TEM.

(C) General Procedure for the Preparation of Water-Soluble
Gold Nanoparticles.To a solution of 20 mg of 1.5-nm Aun-TPP in
dichloromethane (3 mL) was added an aqueous solution of 20 mg of
the water-soluble thiol ligand in deionized water (3 mL).65 For ligand
exchange reactions usingω-carboxyalkylthiols, the aqueous layer was
buffered to pH 8 using a 0.1 mM KH2PO4/K2HPO4 buffer. The biphasic
reaction mixture was stirred rapidly at room temperature until comple-
tion of the ligand exchange reaction (which can be monitored by the
transfer of the darkly colored nanoparticles from the organic to the
aqueous phase). The reaction time depends on the incoming ligand and
typically varies from 1 h (for short-chain, charged thiols) up to 8 h
(for long-chain, neutral thiols). Upon completion of the exchange
reaction the layers were separated, and the aqueous layer was washed
with dichloromethane (3× 5 mL). The aqueous phase was evaporated
under a stream of nitrogen at room temperature. The crude material
was dissolved in the minimum amount of water and purified by gel
filtration chromatography (Sephadex LH-20) to remove residual gold
salts and excess free ligand. Alternatively, the crude product can be
purified by ultracentrifugation at 340000g. The purity of the product
(as indicated by the absence of free ligand and molecular gold species)
is determined by1H NMR spectroscopy, and the material can be further
characterized by UV-vis spectroscopy, XPS, TGA, and TEM (vide
infra).

(1) 1-Azido-2,4-dinitrobenzene.This compound was synthesized
according to literature.61 1H NMR (CDCl3): δ 7.51 (d, 1H,3J ) 8.9
Hz), 8.47 (dd, 1H,3J ) 8.9 Hz, 4J ) 2.7 Hz), 8.81 (d, 1H,4J ) 2.6
Hz). UV-vis (CHCl3): λmax 262, 304 nm.

(2) 2,4-Dinitrophenylimino(triphenyl)phosphorane. This com-
pound is the product of trapping PPh3 with 1-azido-2,4-dinitrobenzene.
An authentic sample for characterization purposes was prepared by
mixing PPh3 (12.3 mg, 0.05 mmol) with 1-azido-2,4-dinitrobenzene
(9.7 mg, 0.05 mmol) in CHCl3 (10 mL). After 30 min at room
temperature, the solvent was evaporated, and the residue was washed
with 20 mL of cold CHCl3. The physical characterization agrees with
the literature.66 Combination of1H and1H{31P} NMR (CDCl3): δ 6.37
(dd, 1H,3JH-H ) 9.3 Hz,4JH-P ) 1.2 Hz), 7.53 (dt, 6H,3J ) 7.5 Hz,

4JH-P ) 3.3 Hz), 7.63 (ddt, 3H,3JH-H ) 7.2 Hz,4JH-H ) 2.4 Hz,5JH-P

) 2.4 Hz), 7.76 (ddd, 6H,3JH-P ) 12.6 Hz,3JH-H ) 7.2 Hz,4JH-H )
2.4 Hz), 7.81 (dd, 1H,3JH-H ) 9.0 Hz,4JH-H ) 3.0 Hz), 8.63 (dd, 1H,
4JH-H ) 2.7 Hz, 5JH-P ) 3.0 Hz). 31P{1H} NMR (CDCl3): δ 9.28.
UV-vis (CHCl3): λmax 261, 376 nm.

(3) Chlorotriphenylphosphine Gold(I), AuCl(PPh)3. The Au(I)
complex was synthesized according to a known procedure.67 The
physical characterization is in agreement with the literature.68 UV-
visible extinction data (CH2Cl2; ε (mol-1 dm3 cm-1)): 2.04× 104 (235
nm); 2.57× 103 (268 nm); 1.93× 103 (275 nm).13C NMR (CDCl3):
δ 128.84 (d,1JC-P ) 62.4 Hz), 129.43 (d,2/3JC-P ) 12.1 Hz), 134.33
(d, 2/3JC-P ) 14.1 Hz), 132.19 (d,4JC-P ) 2.0 Hz). 31P{1H} NMR
(CDCl3): δ 32.97 (s).Rf (CH2Cl2, silica): 0.82.

(4) Chlorobis(triphenylphosphine)gold, [Au(PPh3)2]+Cl-. This
compound was synthesized according to a known procedure.68 The
physical data agree with those reported elsewhere.68 1H NMR
(CDCl3): δ 7.46 (dt, 6H,3JHH ) 7.5 Hz,4JHP ) 3 Hz), 7.55 (dtt, 3H,
3JHH ) 7.5 Hz,5JHP ) 2.7 Hz,4JHH ) 2.7 Hz), 7.67 (ddd, 6H,3JHP )
12.3 Hz,3JHH ) 7.2 Hz, 4JHH ) 2.1 Hz). 31P{1H} NMR (CDCl3): δ
29.71 (s).

NMR Monitoring of Ligand Exchange between 1.5-nm Aun-
TPP and ODT. (A) General Procedure of Monitoring the Ligand
Exchange between 1.5-nm Aun-TPP and ODT by NMR. Distilled
ODT was placed in an NMR tube and dissolved in CDCl3. A 1H NMR
spectrum was obtained as a starting point for the reaction. The contents
of the NMR tube were then added to a scintillation vial charged with
1.5-nm Aun-TPP. The resulting mixture was quickly agitated until
everything had dissolved and placed back into the NMR tube. The NMR
tube was returned to the instrument and reshimmed, and spectra were
collected at preset time intervals (the first spectrum was typically
collected approximately 1 min after mixing).

(B) Monitoring of Ligand Exchange between 1.5-nm Aun-TPP
and Excess ODT.A solution of ODT (3.0 mg, 10µmol) in CDCl3
(0.6 mL) was added to 1.5-nm Aun-TPP (5 mg, 20 nmol) and the
reaction monitored by1H NMR spectroscopy. The first spectrum was
recorded att0 ) 1 min, followed by a spectrum every 1 min for a total
time of 625 min.

(C) Monitoring of Ligand Exchange between 1.5-nm Aun-TPP
and Stoichiometric Amount of ODT to Replace All Nanoparticle-
Bound Phosphines.A solution of ODT (3.0 mg, 10µmol) in CDCl3
(0.6 mL) was added to 1.5-nm Aun-TPP (10 mg, 40 nmol) and the
reaction monitored by1H NMR spectroscopy. The first spectrum was
recorded att0 ) 1 min followed by a spectrum every 1 min for a total
time of 625 min.

(D) Monitoring of Ligand Exchange between 1.5-nm Aun-TPP
and ODT in the Presence of Excess PPh3. A solution of ODT (3.0
mg, 10 µmol) and PPh3 (10 mg, 40µmol) in CDCl3 (0.6 mL) was
added to 1.5-nm Aun-TPP (10 mg, 40 nmol) and the reaction monitored
by 1H NMR spectroscopy. The first spectrum was recorded att0 ) 1
min followed by a spectrum every 1 min for a total time of 625
min.

(E) Trapping Experiment for Free PPh3 Using 1-Azido-2,4-
dinitrobenzene. A solution ODT (10.0 mg, 35µmol) and 1-azido-
2,4-dinitrobenzene (2 mg, 1µmol) in CDCl3 (0.6 mL) was added to
1.5-nm Aun-TPP (10 mg, 40 nmol) and the reaction monitored by1H
NMR spectroscopy. The first spectrum was recorded att0 ) 1 min
followed by a spectrum every 1 min for a total time of 625 min.
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