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1. INTRODUCTION

The preparation of monolayer-protected clusters (MPCs)
had a significant impact in chemistry, physics, and materials
science.1�3 On this basis, Au�thiol systems are rapidly emerged
as systems of particular interest due to the high chemical stability
of the Au�S bond.2

Although less investigated, thiol-protected nanoparticles
based on other noble metals, such as Pd, Pt, or Ir are expected
to have very different properties, besides showing important
applications in electron transfer processes and in photochemical
and electronic devices.4

While the synthesis of mostly monodisperse nanoparticles
(NPs) is nowadays well-established (particularly in the case of
Au),5 severe limitations to bringing different functionalities on
the nanoparticle board (particularly those sensitive to reducing
agents)6,7 are still present. One of the most common methods
to bring functional groups on Au nanoparticles involves an
exchange reaction between the pre-existing thiols in the self-
assembled monolayer (SAM) surrounding the preformed

nanoparticles and other added thiols.8 Although this method
has some advantages, the achievement of a high functional
group density at the edge of the monolayer is rather difficult,
due to the equilibrium character of the “place-exchange”
reaction.9 Other methods have been successfully developed
under milder reducing conditions, in all cases leading to average
particle sizes larger than 3 nm,10,11 with limited applicability in
catalysis.12

In this paper we report on a convenient approach for the
preparation of thiol-protected Pd nanoparticles capped by
either 11-mercaptoundecanoic acid (MUA) or 9-mercapto-1-
nonanol (MN) or 1-dodecanethiol (DT) or mixtures thereof.
Although one-phase13 and two-phase14 procedures for the
synthesis of thiol-protected Pd nanoparticles have already
been reported, the use of either strong reducing agents
(such as LiBEt3H) or costly and time-consuming thiol
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exchange protocols still represent a major drawback in the
preparation of highly functionalized Pd-NP SAMs.

The procedure described here represents a significant im-
provement with respect to what has been recently reported by
some of us15 and allows for the simple preparation of nanopar-
ticles having high densities of either COOH or OH functional-
ities at their surface. Furthermore, the functional group density
can be easily tuned by using mixtures of thiols in combination
with 1-dodecanethiol, resulting in tailor-made protected clusters
whose SAM composition is dictated by the initial thiol mixture
molar ratio. Accordingly, small metal-core Pd nanoparticles have
been prepared using a method that combines the positive
features of the Brust�Schiffrin protocol6 with those of a single-
phase synthesis.16 Moreover, the use of MUA as protecting thiol
has led to the obtainment of amphiphilic Pd nanoparticles. The
latter show increased solubility within different media, thus
avoiding the use of phase transfer agents. Indeed, the long
MUA alkyl chains ensure solubility of the NPs in polar and
apolar organic solvents, while solubility in water is simply
achieved once the carboxylic groups are converted into their
carboxylate forms (11-mercaptoundecanoate, MUAte). High
water solubility of the Pd-NPs (like our MUAte-Pd NPs) makes
them potentially attractive for biological applications. Most
importantly, this wide solubility range strictly correlates to both
the small metal-core particle size and the high density of the
functional groups at the edge of the SAM.

Simple postfunctionalization procedures on the carboxylic
acid at the edge of the SAM in the MUA-Pd nanoparticles have
also been successfully addressed. Such results set the way for the
design and synthesis of more complex, core�shell systems of
potential interest in electrochemical, photochemical, and photo-
physical fields.

Although water-soluble thiol-protected Au and Pd nanoparticles
have already been reported by other groups using a number of
different compounds (tiopronin,17 mercaptoammonium thiols,18

poly(ethyleneglycol)-alkyl thiols,19 mercaptosuccinic acid20), there
are few examples of amphiphilic thiol-protected Pd particles and
their convenient use in catalysis.21

2. EXPERIMENTAL SECTION

2.1. General Considerations and Materials. Potassium
tetrachloropalladate(II) (32.04% as Pd) was purchased from ChemPur.
11-Mercaptoundecanoic acid (MUA, 95%), 9-mercapto-1-nonanol
(MN, 96%), 1-dodecanethiol (DT, g98%), (benzotriazol-1-yloxy)tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP, 97%), and
1-hydroxybenzotriazole hydrate (HOBt, g97%) were purchased from
Sigma-Aldrich and used as received. Solvents (reagent grade), including
deuterated solvents, were purchased from Sigma-Aldrich and used as
received. 1H NMR spectra were recorded on a JEOL GX-400 MHz
(operating at 400MHz for 1H) usingmethanol-d4, CDCl3, or acetone-d6
as solvents. Chemical shifts are reported in ppm (δ) relative to TMS,
referenced to the chemical shifts of residual solvent resonances (1H).
FT-IR spectra were recorded on a Perkin-Elmer FT-IR/Raman 2000
instrument in the transmission mode; samples were prepared as KBr
disks (by mixing samples with spectroscopic grade KBr) and analyzed in
the 400�4000 cm�1 range. Thermogravimetric analysis (TGA) data
were recorded on a EXSTARThermoGravimetric Analyzer (TG/DTA)
Seiko 6200 under flowing air (50 mL/min) in the 40�500 �C tempera-
ture range using a heating ramp of 2 �C min�1; TGA measurements
have been conducted in order to estimate the average organic content of
the synthesized Pd-nanoparticles. Transmission electron microscopy

(TEM) analyses were carried out with a JEM 3010 (JEOL) electron
microscope operating at 300 kV, with point to point resolution at a
Scherzer defocus of 0.17 nm. Samples for TEM analysis were transferred
as a solution (in THF or MeOH) to a copper grid covered with a holey
carbon film. Inductively coupled plasma�atomic emission spectroscopy
(ICP-AES) analyses were conducted on a Spectroflame Modula E
Optical Plasma Interface (OPI) instrument by SpectroTM. Gas chro-
matography�mass spectrometry (GC-MS) analyses were carried out on
an Agilent 7890 GC mounting a J&W DB-225ms column (60 m, i.d.
0.25 mm, 250 μm) and coupled with a Agilent 5975 MS.
2.2. Synthesis of MUA-Pd Nanoparticles.MUA nanoparticles

were prepared by varying three synthetic parameters systematically,
namely: (a) the temperature of the reduction step; (b) the thiol/Pd
molar ratio; and (c) the addition rate of the reducing agent (NaBH4).
Except for TEM characterization (morphological characteristics of the
differently prepared MUA-Pd nanoparticles), neither appreciable spec-
troscopic differences (NMR, FT-IR spectra) nor significant difference in
the Pd/organic content ratio (TGA) were found in the nanoparticles
prepared according to the different procedures outlined below.

(a). Synthesis of MUA-Pd Nanoparticles at Different Temperatures
of the Reduction Step (Thiol/Pd Molar Ratio = 0.5, Fast Addition of the
Reducing Agent). K2PdCl4 (20.0 mg) is first dissolved in 2 mL of water,
and then10mLof acetone are added. To the red solution,H3PO4 (250μL,
60 mol vs Pd) is added, followed by 11-mercaptoundecanoic acid
(MUA, 7.0 mg). MUA addition caused the color of the solution to
change from red to red-yellowish. The solution is stirred for 5 min, and
the reaction temperature is adjusted to one of the following values:
0,�50, or�78 �C (by means of ice, acetone/liquid N2, or acetone/dry
ice baths, respectively). Afterward, a freshly prepared aqueous solution
(1 mL) of NaBH4 (23.2 mg, 10 mol vs Pd) is rapidly added in one
portion, causing the solution to turn immediately black. Stirring is
continued at the reduction temperature for 5 min and at RT for other
5 min, and then solvents are evaporated under vacuum and the particles
washed three times with dichloromethane (10 mL portions) and three
times with water (10 mL portions), with sonication and centrifugation
(4500 rpm, 10 min) after each washing cycle. Particles are then
recovered by dissolution in THF.

(b). Synthesis of MUA-Pd Nanoparticles at Different Thiol/Pd Molar
Ratios (0 �C as Temperature of the Reduction Step, Fast Addition of
the Reducing Agent). K2PdCl4 (20.0 mg) is first dissolved in 2 mL of
water, and then 10 mL of acetone are added. To the red solution, H3PO4

(250 μL, 60 mol vs Pd) is added, followed by 11-mercaptoundecanoic
acid in different amounts (MUA, 3.5 mg for 0.25 molar ratio or 10.5 mg
for 0.75 molar ratio). MUA addition caused the solution color to change
from red to red-yellowish. Temperature is adjusted to 0 �C by means of
an ice bath, and then a freshly prepared aqueous solution (1 mL) of
NaBH4 (23.2 mg, 10 mol vs Pd) is added within 5 s, causing the solution
to turn immediately black. Stirring is continued at 0 �C for 5 min and at
RT for other 5 min, and then solvents are evaporated under vacuum and
the particles washed three times with dichloromethane (10 mL
portions) and three times with water (10 mL portions), with sonication
and centrifugation (4500 rpm, 10 min) after each washing cycle.
Particles are then recovered by dissolution in THF.

(c). Synthesis of MUA-Pd Nanoparticles at Slow Rate Addition of the
Reducing Agent (0 �C as Temperature of the Reduction Step, Thiol/Pd
Molar Ratio = 0.5).K2PdCl4 (20.0mg) is first dissolved in 2mL of water,
and then 10 mL of acetone are added. To the red solution, H3PO4

(250 μL, 60 mol vs Pd) is added, followed by 11-mercaptoundecanoic
acid (MUA, 7.0 mg). MUA addition caused the solution color to change
from red to red-yellowish. Temperature is adjusted to 0 �Cbymeans of an
ice bath, and then a freshly prepared aqueous solution (1 mL) of NaBH4

(23.2 mg, 10 mol vs Pd) is added dropwise within 15 min, causing the
solution to turn black after just 1 min. Stirring is continued at 0 �C for
5 min and at RT for other 5 min, and then solvents are evaporated under
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vacuum and the particles washed three times with dichloromethane
(10 mL portions) and three times with water (10 mL portions), with
sonication and centrifugation (4500 rpm, 10 min) after each washing
cycle. Particles are then recovered by dissolution in THF.

MUA-Pd nanoparticles characterization: 1H NMR (CD3OD,
298 K) δ: 1.38 (br, -CH2-), 1.62 (br, -CH2CH2COOH), 2.30 (br, -CH2

COOH). IR (KBr) ν (cm�1): 2926, 2853, 1710. TGA analysis has
allowed the assessment of an average organic content of ca. 45 wt % for
all samples prepared according to the procedures outlined above.
2.3. Synthesis ofMUAte-PdNanoparticles.The procedure for

the synthesis of 11-mercaptoundecanoate-functionalized Pd nanoparti-
cles (MUAte-Pd) is identical to one of those described above for MUA-
Pd nanoparticles (room temperature of the reduction step, thiol/Pd molar
ratio = 0.5, fast addition of the reducing agent), except for the use of
H3PO4. Pd-nanoparticles precipitated out from the solution after
addition of NaBH4 and were washed with acetone (3� 10mL portions)
and methanol (3� 10 mL portions), with sonication and centrifugation
(4500 rpm, 10 min) after each washing cycle. The as-prepared nano-
particles are completely soluble in water due to the presence of
carboxylate groups which decorate their surface. 1H NMR (D2O,
298 K) δ: 1.30 (br, -CH2-), 1.51 (br, -CH2CH2COOH), 2.14
(br, -CH2COOH). IR (KBr) ν (cm�1): 2917, 2847, 1555, 1399.
2.4. Synthesis of MN-Pd Nanoparticles. The procedure for the

synthesis of 9-mercapto-1-nonanol-functionalized Pd nanoparticles
(MN-Pd) is identical to one of those described above for MUA-Pd
nanoparticles (room temperature of the reduction step, thiol/Pd molar
ratio = 0.5, fast addition of the reducing agent), except for the use of MN
instead of MUA. Pd-nanoparticles precipitated out from the solution
after addition of NaBH4 and were washed with THF (3 � 10 mL
portions) and water (3 � 10 mL portions), with sonication and centri-
fugation (4500 rpm, 10 min) after each washing cycle. The as-prepared
nanoparticles are completely soluble in methanol. 1H NMR (CD3OD,
298 K) δ: 1.36 (br, -CH2-), 1.54 (br, -CH2CH2OH), 3.57 (br, -CH2-
OH). IR (KBr) ν (cm�1): 3417, 2918, 2847, 1235. TGA analysis has
allowed the assessment of an average organic content of ca. 35 wt %.
2.5. Synthesis of DT-Pd Nanoparticles. The procedure for the

synthesis of 1-dodecanethiol-functionalized Pd nanoparticles (DT-Pd)
is identical to one of those described above for MUA-Pd nanoparticles
(room temperature of the reduction step, thiol/Pd molar ratio = 0.5, fast
addition of the reducing agent), except for the use of DT instead of MUA
and H2O/THF (1/6 v/v) as solvent. Pd-nanoparticles precipitated out
from the solution after addition of NaBH4 and were washed with water
(3 � 10 mL portions), methanol (3 � 10 mL portions), and acetone
(3 � 10 mL portions), with sonication and centrifugation (4500 rpm,
10 min) after each washing cycle. The as-prepared nanoparticles are
completely soluble in THF, CH2Cl2, CHCl3, toluene, and alkanes. 1H
NMR (CDCl3, 298 K) δ: 0.88 (br, -CH3), 1.26 (br, -CH2-). IR (KBr) ν
(cm�1): 2918, 2847, 1451. TGA analysis has allowed the assessment of
an average organic content of ca. 35 wt %.
2.6. Synthesis of Mixed-Monolayer Protected Pd Nano-

particles. The procedure for the synthesis of mixed-monolayer Pd
nanoparticles is identical to one of those (single-component) described
above for MUA-Pd nanoparticles (room temperature of the reduction step,
thiol/Pdmolar ratio = 0.5, fast addition of the reducing agent) except for the
use of mixtures of thiols.
(a). MUA-MN-Pd Nanoparticles. K2PdCl4 (20.0 mg) is first dissolved

in 2 mL of water, and then 10 mL of acetone are added. To the red
solution, H3PO4 (250 μL, 60 mol vs Pd) is added, followed by MUA
(3.5 mg, 0.25mol vs Pd) andMN (3.0 μL, 0.25 mol vs Pd). The solution
is stirred for 5 min, and then a freshly prepared aqueous solution (1 mL)
of NaBH4 (23.2 mg, 10 mol vs Pd) is rapidly added in one portion,
causing the solution to turn immediately black. Stirring is continued at
RT for 5 min, and then solvents are evaporated under vacuum and the
particles washed three times with dichloromethane (10 mL portions)

and three times with water (10 mL portions), with sonication and
centrifugation (4500 rpm, 10 min) after each washing cycle. The
as-prepared nanoparticles were then recovered by dissolution in
THF. Notably, these mixed-layer Pd-nanoparticles showed good solu-
bility in both methanol and acetone. 1H NMR (CD3OD, 298 K) δ:
1.38 (br, -CH2-), 1.59 (br, -CH2CH2OH, -CH2CH2COOH), 2.30
(br, -CH2COOH), 3.57 (br, -CH2OH). IR (KBr) ν (cm�1): 3417, 2922,
2849, 1700.

(b). MUA-DT-Pd Nanoparticles. The procedure used is identical to
that described above for MUA-MN-Pd nanoparticles, except for the use
of 3.0mg ofMUA (0.25mol vs Pd) and 3.9 μL of DT (0.25mol vs Pd) as
mixture of thiols. In the present case, the final nanoparticles showed only
moderate solubility in methanol and acetone while being completely
soluble in THF. 1H NMR (acetone-d6, 298 K) δ: 0.91 (br, -CH3), 1.34
(br, -CH2-), 1.61 (br, -CH2CH2COOH), 2.30 (br, -CH2COOH). IR
(KBr) ν (cm�1): 2941, 2920, 2851, 1708.

(c). MN-DT-Pd Nanoparticles. The procedure used is identical to
that described above for MUA-MN-Pd nanoparticles, except for
the use of 3.0 μL of MN (0.25 mol vs Pd) and 3.9 μL of DT
(0.25 mol vs Pd), as a mixture of thiols and H2O/THF (1/5 v/v)
was used to dissolve the Pd precursor. In the present case the final
nanoparticles showed good solubility only in THF. IR (KBr) ν (cm�1):
3420, 2946, 2919, 2849, 1451.
2.7. Postfunctionalization of MUA-Pd Nanoparticles with

Amine and Alcohols (1-Hexadecylamine, Benzylamine, and
1-Hexanol). MUA-Pd nanoparticles (20 mg) were dissolved in
10 mL of dry THF (<0.002% H2O) and treated with 5 equiv
(relative to the moles of MUA in the monolayer) of BOP, HOBt,
NMM, and DMAP. After a brief activation time (10�15 min), either
the amine (1-hexadecylamine or benzylamine, 5 equiv) or the alcohol
(1-hexanol, 10 equiv) were added, and the system was maintained
under stirring at room temperature overnight. Afterward, solvent was
removed under vacuum, and the crude residue was purified by
successive washing cycles with methanol (three times) and CH3CN
(three times) in order to remove all unreacted reagents and undesired
byproducts. Postfunctionalized MUA-Pd-nanoparticles in the form of
amido derivatives showed good solubility in DCM as well as other
organic (less polar) solvents while ester derivatives (MUA-Pd reacted
with 1-hexanol) showed good solubility also in THF. 1-Hexadecyla-
mine-derivatized MUA-Pd nanoparticles: 1H NMR (CDCl3, 298 K)
δ: 0.87 (br, -CH3), 1.24 (br, -CH2-), 1.48 (-CH2-CH2CONH), 1.75
(-CH2�CH2�NHCO), 2.15 (br, -CH2CONH), 3.19 (br, -CH2NH).
IR (KBr) ν (cm�1): 3287, 2959, 2920, 2850, 1640, 1541. TGA analysis
has allowed the assessment of an organic content of ca. 60 wt %.
Benzylamine-derivatized MUA-Pd nanoparticles: 1H NMR (CDCl3,
298 K) δ: 1.23 (br, -CH2-), 1.57 (-CH2-CH2CO), 2.16 (br,
-CH2CONH), 4.34 (br, -CH2NH), 7.22 (br, C6H5-). IR (KBr) ν
(cm�1): 3303, 2922, 2850, 1642, 1538. 1-Hexanol-derivatized MUA-
Pd nanoparticles: 1H NMR (CDCl3) δ: 0.88 (br, -CH3), 1.29 (br,
-CH2-), 1.66 (-CH2-CH2O), 2.27 (br, -CH2COO), 4.05 (br, -CH2O).
IR (KBr) ν (cm�1): 2924, 2852, 1735, 1451.
2.8. General Procedure for the Suzuki Cross-coupling

Reactions using MUA-Pd Nanoparticles. To a hot (90 �C) N,
N-dimethylformamide (5 mL) solution of aryl halide (1.0 mmol),
phenylboronic acid (1.3 mmol), NaOH (1.5 mmol), and naphthalene
(0.5 mmol as internal standard), a THF solution (2 mL) of MUA-Pd
nanoparticles (2 mg as Pd content) was added in one portion. The
course of the reaction was monitored by GC-MS analysis using
naphthalene as internal standard until complete reagents' consump-
tion. After cooling the mixture to RT, 15 mL of CH2Cl2 and 15 mL of
water were added. The collected organic phase was washed three
times with H2O (15 mL), dried over anhydrous sodium sulfate, and
evaporated under reduced pressure to give the expected cross-
coupling products. Chemical yields were determined from the crude
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materials by GC analysis (using naphthalene as internal standard), and
cross-coupling products were analyzed by 1H NMR (CDCl3) spec-
troscopy and compared with literature data.22,23

In the case of nanoparticle recycling and reuse, the reaction mixture
underwent centrifugation cycles prior to the workup. Recovered nano-
particles were washed with toluene (3 � 5 mL), acetone (3 � 5 mL),
methanol (3 � 5 mL), and water (3 � 5 mL); afterward, clean
nanoparticles were recovered by dissolution in acidic THF and success-
fully reused as cross-coupling catalysts (MUA-Pd nanoparticle reuse in
Suzuki cross-coupling did not show any significant activity loss even after
three successive runs).

3. RESULTS AND DISCUSSION

3.1. Synthesis of MUA-Pd Nanoparticles. A simple and
efficient protocol for the preparation of Pd nanoparticles stabi-
lized by alkyl thiols containing either carboxylic [11-mercap-
toundecanoic acid (MUA)] or hydroxyl [9-mercapto-1-nonanol
(MN)] functional end-groups is proposed. Thiol-stabilized Pd
nanoparticles featured by carboxylic functional end-groups at the
edge of the self-assembled monolayer have been conveniently
prepared starting from a water/acetone 1/5 (v/v) solution of
K2PdCl4 and MUA in the presence of phosphoric acid in slight
excess with respect to NaBH4. Afterward, the addition of NaBH4

causes the almost instantaneous PdII reduction and the subse-
quent formation of mostly monodisperse (∼ 2 nm) amphiphilic
palladium nanoparticles (Scheme 1).
While the use of an aqueous reaction mixture guarantees a

complete dissolution of the PdII precursor, acetone is essential to
solvate the final Pd�thiol complex that is formed. Moreover, the
complete miscibility of acetone and water (single phase) does
not require the use of ammonium alkyls as phase transfer agents,
thus reducing expensive and time-consuming purification pro-
cedures of the as-synthesized core�shell nanoparticles. Unlike
related core�shell nanoparticles syntheses based on gold,24 the
use of methanol as a solvent turned out to be unsuitable in the
case of palladium because of a rapid precipitation of PdII-thiol
based species upon the simple addition of MUA thiol. Most
importantly, the use of an excess of phosphoric acid turned out to
be crucial for the successful synthesis of the MUA Pd-nanopar-
ticles; indeed, while preventing thiol and carboxylic acid depro-
tonation in the single phase reduction step (addition of NaBH4),
it maintains the Pd(II) f Pd(0) reductive path highly compe-
titive with respect to other possible acid�base side reactions. As a
matter of fact, a slight excess of NaBH4 with respect to Pd is
needed to drive the reduction process to completeness. Once
MUA-Pd nanoparticles are formed, the NaBH4 residue is rapidly
consumed by the excess of phosphoric acid, thus protecting the
carboxylic groups at the edge of the SAM from undesirable
deprotonation/reduction side processes.
Notably, the MUA-Pd core�shell nanoparticles are straight-

forwardly isolated in their purified form after simple washing/
centrifugation treatments, using in sequence: (a) CH2Cl2, to

remove the unreacted thiol, and (b) water to eliminate all the
inorganic side-products. Neither precipitation/dissolution cy-
cles using acids or bases20 nor additional purification protocols
are needed to get purified nanoparticles. Accordingly, this
synthetic protocol offers an easy and convenient approach to
the nanoparticle synthesis scale-up (up to 500 mg of MUA-Pd
nanoparticles).
The resulting MUA-Pd nanoparticles are highly soluble in

organic polar (protic and aprotic) solvents such as methanol,
acetone, DMF, and THF in high concentrations (up to 10mg/mL)
while they are insoluble in CH2Cl2 and water.
Three synthetic parameters (reaction temperature, thiol/Pd

molar ratio, and rate of reductant addition) have been system-
atically scrutinized in order to elucidate their influence on the
final Pd nanoparticle size distribution, and they are discussed
hereafter.
3.2. Involvement of Pd-thiolate Species as Precursors. 1H

NMR spectroscopy (in D2O/acetone-d6 1/5 at 298 K) was
exploited to shed light on theMUA-Pd nanoparticle synthesis. As
Figure 1 shows, the successive addition of the thiol carboxylic
acid (MUA) to a K2PdCl4 solution (0.5, 1.0, and 1.5 mol equiv of
MUA) results in the appearance of a triplet around 2.30 ppm,
assigned to the methylene groups vicinal to the COOH moiety.
Notably, the methylene protons vicinal to the SH group remain
almost invisible up to the addition of 2 mol equiv of the thiol.
Such an effect has been attributed to the interaction of the SH
groups with the PdII centers; in fact, a signal broadening of the
methylene protons vicinal to the SH group is expected until
complete saturation of the PdII coordination sphere. Indeed, a
new broad triplet around 2.4 ppm starts to appear after the
addition of an excess of thiol (over 2 mol equiv), ultimately
suggesting that mercapto-groups prevalently contribute to the
composition of the PdII coordination sphere in solution.
Accordingly, one may conclude that the PdII-thiolate species

are formed with a 1:2 stoichiometry (PdII/MUA), very likely in
the form of oligomeric species (from the broadening of 1HNMR
signals).14 FT-IR spectroscopy data are in line with the NMR
investigation. Indeed, only a very weak and broad band around

Scheme 1. Synthesis of the MUA-Pd Nanoparticles

Figure 1. 1H NMR spectra of K2PdCl4 solutions (in D2O/acetone-d6
1:5 v/v) after the addition of (a) 0 mol equiv, (b) 0.5 mol equiv, (c) 1.0
mol equiv, (d) 1.5 mol equiv, (e) 2.0 mol equiv, (f) 2.5 mol equiv, and
(g) 3.0 mol equiv of MUA. (h) MUA 1H NMR spectrum in D2O/
acetone-d6 1:5 v/v.
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2530 cm�1 (attributed to the stretching mode of the S�H
groups of the MUA) appears at high MUA/Pd molar ratios
(≈3/1), while no appreciable changes of the intense stretching
mode attributed to the carboxylic CdO bond are observed
(Figure 2). All these data taken together offer clear evidence
that PdII-thiolate species are the precursors of the PdNPs bearing
carboxylic groups at the edge of the SAM. On this basis,
metal�thiolate species can also be taken as useful precursors
for the preparation of nanoparticles with single phase methods.25

3.3. Effect of Reaction Parameters on the Size of MUA-Pd
Nanoparticles: TEM Characterization. Three synthetic para-
meters (reaction temperature, thiol/Pd molar ratio, and rate of
reductant addition) have been systematically scrutinized in order
to elucidate their influence on the final Pd nanoparticle size
distribution. Overall, MUA-Pd nanoparticles size and NPs size
distributions appear to be moderately influenced by variations of
the first two parameters (reaction temperature and thiol/Pd
molar ratio), while the very fast reduction of PdII to Pd0 upon
treatment with NaBH4 seems to be the most relevant issue for
the nanoparticle size control.
Figure 3a shows the morphological characterization (TEM) of

the MUA-Pd nanoparticles prepared upon rapid addition of the
reducing agent to a room temperature solution of K2PdCl4 and
MUA in a 0.5 thiol/Pd molar ratio. Notably, this protocol
provides nanoparticles featured by rather small metal cores and
a narrow size distribution (1.9 ( 0.2 nm, Figure 4, panel A).
TEM micrographs show large patches on the TEM grid (Figure
S2 of the Supporting Information) due to the presence of a high
nanoparticle density, most likely interacting with one another
through the respective carboxylic groups. In spite of that, the
protonation of the carboxylic groups maintains the nanoparticles
well separated in solution, while Pd-agglomerates rapidly form in
organic solvents by simple treatment with a base (COOH
deprotonation and formation of MUAte-Pd). It should be
pointed out that related Au nanoparticles9 show the opposite
behavior, leading to nanoparticle agglomerates under acidic
conditions.
Only negligible variations on the average size of Pd-NPs cores

were observed while decreasing the reduction temperature from
RT to 0, �50, and �78 �C, respectively (maintaining constant
the thiol/Pd molar ratio at 0.5, with a rapid addition of the
reducing agent) (Figures 3b and 4, panel A). However, an

in-depth high-resolution TEM (HRTEM) investigation (Figure
S3 of the Supporting Information) showed that the lower the
reduction temperature, the higher the Pd-NPs crystallinity (see
inset in Figure 3a vs inset in Figure 3b). This trend is likely due to
a slower particles growth rate once the initial NPs-nuclei are
generated; as a consequence, a better packing of the Pd atoms
during the nanoparticle formation process is expected. Accord-
ingly, MUA-Pd nanoparticles synthesis at high temperature (i.e.,
addition of the reducing agent at 65 �C) leads to small Pd-NPs
(around 1.5 nm) featured by highly disordered structures (Figure
S4 of the Supporting Information).
The inset in Figure 3b shows a particle imaged at Scherzer

defocus oriented along the <101> zone axis,26 and it demonstrates
the crystallinity of the as-prepared nanoparticles with interplanar
distances of 0.22 and 0.19 nm, in accordance with the {111} and
{200} crystallographic planes of the Pd metal, respectively; most
of the crystalline nanoparticles present a cuboctahedral shape.
Only moderate differences in both nanoparticle size and

distribution were observed upon varying the MUA/Pd molar
ratio while maintaining the other two parameters constant (0 �C,
fast addition of the reducing agent) (Figure 3c and 4, panel B). As
Figure 4 (panel B) shows, high thiol/Pd molar ratios lead to
smaller particle sizes and narrower size distributions (Figure 4,
panel B).While a higher thiol/Pdmolar ratio is found to decrease
the NPs growth rate, their nucleation rate is almost unaffected.
Finally, the effect of the reductant addition rate has also been

investigated. Unlike alkanethiol-protected Au nanoparticles,27 a
slow addition of the reducing agent did not appreciably change
the Pd-NPs size distribution, although a large population of small
nanoparticles (<1.8 nm) was formed (Figure 3d and 4, panel C).
Such a result is likely due to a most favored nucleation process as
a consequence of a slow addition of the reducing agent.

Figure 2. FT-IR spectra of MUA and K2PdCl4 in the presence of
different amounts of MUA (0.5, 2.0, and 3.0 mol equiv).

Figure 3. Representative TEM micrographs of MUA-Pd nanoparticles
obtained using different experimental conditions. (a) RT, thiol/Pd 0.5,
fast reductant addition; (b)�78 �C, thiol/Pd 0.5, fast reductant addition;
(c) 0 �C, thiol/Pd 0.75, fast reductant addition; (d) 0 �C, thiol/Pd 0.5,
slow reductant addition. Insets: representative HRTEM images of single
Pd nanoparticles (top left of each figure) and their corresponding
Hanning masked fast Fourier transformations (FFTs, bottom).
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Since the average size of MUA-Pd NPs appears to be mainly
controlled by the very fast metal reduction upon addition of
NaBH4 (reaction temperature and thiol/Pd molar ratio were
found to influence theNPs size onlymarginally), the role of these
synthetic parameters was no longer investigated in the case of Pd-
NPs stabilized with different thiols.

3.4. Synthesis of MUAte-, MN-, DT-, andMixed-Monolayer
Pd Nanoparticles. Pd-nanoparticles featuring a high density of
carboxylate functional groups at the edge of the single monolayer
have been conveniently prepared from the procedure outlined
above for MUA-Pd nanoparticles, except for the use of phos-
phoric acid. Indeed, the absence of the strong acid leads to
carboxylic acid deprotonation upon simple addition of the
reducing agent, followed by rapid nanoparticle precipitation.
Notably, the as-prepared carboxylate Pd-nanoparticles (MUAte-
Pd), which are protected against undesired agglomeration effects
by the formation of a double layer of negative and positive
charges, present high solubility in water (physiological condi-
tions at pH 7.4) up to 10 mg of Pd per milliliter of solvent. Such a
result is of major importance in light of their potential use in
biological applications.
Aimed at highlighting the extremely high versatility of this

protocol, the synthetic procedure used for the preparation of
MUA-Pd nanoparticles was successfully applied (with only
minor changes) to other functionalized or simply alkyl thiols
such as the 9-mercapto-1-nonanol (MN) and the 1-dodeca-
nethiol (DT). DT-Pd nanoparticles were prepared in a mixture
of THF/H2O (instead of acetone/H2O) in order to ensure the

Figure 4. Particle size distributions of MUA-functionalized Pd nanoparticles prepared under different conditions: panel A refers to the effect of
temperature (RT: room temperature); panel B refers to the effect of thiol/Pd molar ratio; panel C refers to the effect of addition rate of the reducing
agent (NaBH4) (fast, 10 s; slow, 15 min). Average particle size, dispersions (σ, in nm), and number of counted particles (N) are also reported. Asterisks
denote size distributions under the same reaction conditions.

Figure 5. Representative TEM images of MN-Pd (a) and DT-Pd (b)
nanoparticles prepared at room temperature (reduction step) and thiol/
Pd molar ratio = 0.5, with fast addition of the reducing agent.
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solubility of the thiol-PdII species formed upon DT addition to a
solution of K2PdCl4. The final DT-Pd nanoparticles are soluble
in organic solvents such as THF, DCM, toluene, and alkanes,
while nanoparticles bearing hydroxyl functional groups at their
edges (MN-Pd) show high solubility in methanol. The versatility
of this protocol is further evidenced by the possibility of
preparing mixed-monolayer protected Pd nanoparticles. By
simple changes in the reaction conditions (i.e., the mixture of
reagents), MUA-MN, MUA-DT, and MN-DT Pd nanoparticles
were prepared, where the two different thiols (in a roughly 1/1
molar ratio) were brought on the nanoparticle board. Unlike
“place-exchange” reaction protocols8 (where the production of
mixed monolayers is severely limited by the equilibrium char-
acter of the process), the presented methodology allows for a
fine-tuning of functional groups density decorating the nanopar-
ticle surface, as well as a facile control of the nature of the
functional groups in the mixed monolayers. Figure 5 shows two
representative TEM images of the MN-Pd (a) and DT-Pd (b)
nanoparticles, respectively. Both samples present similar nano-
particle distributions to those observed for the MUA-Pd sample
with an average nanoparticles diameter of∼2 nm. In the case of
nanoparticles stabilized by mixed monolayers, TEM images have
finally revealed the presence of similar nanoparticles (average
diameter of ∼2 nm), although small metal clusters are also
present throughout the whole scanned area (Figure S5 of the
Supporting Information).
The 1H NMR spectra of the MN- and DT-Pd nanoparticles

show almost similar patterns to theMUA-Pd one, featured by the
absence of clear resonances from the methylene groups vicinal to
sulfur atoms and broadened signals for all other methylene
moieties (Figure 6, left). While signals around 3.6 ppm in the
MN-Pd NPs 1H NMR spectrum have been unequivocally
attributed to the hydroxyl vicinal methylene groups, the reso-
nance around 0.8 ppm in the DT-Pd NPs 1H NMR spectrum
reasonably belongs to the terminal methyl groups of the thiol
alkyl chains.28

In the case of the mixed-monolayer Pd nanoparticles, the 1H
NMR spectra clearly demonstrate that both thiols are present in
the monolayer (Figure 6, left). Most importantly, the initial thiols
molar ratio is entirely maintained in the final nanoparticles

monolayer composition, as evidenced by the integrals of the
characteristic resonances unequivocally assigned to the two
thiols. Though the classical I2 decomposition method28 for the
quantitative estimation of the monolayer composition can be
applied to particles protected by alkyl thiols, we found that when
the acidic groups are present in the monolayer, this procedure
failed to give quantitative results. Nevertheless, the estimation of
the monolayer composition based on the signals of the groups far
from the metal core has been conveniently applied in our case.
FT-IR spectroscopy has also been applied to the characteriza-

tion of the NPs monolayer composition. As Figure 6 (right)
shows, the most relevant difference among the IR spectra of
MUA-Pd, MUAte-Pd nanoparticles, and free MUA is repre-
sented by a slight shift of the ν(CdO) vibrational mode. Indeed,
the carboxylic groups of the MUA-Pd NPs show a shift of the
ν(CdO) mode (compared to the free-MUA) of about
+13 cm�1, while a red-shift (compared to the free thiol) is
observed for the MUAte-Pd NPs (1563 cm�1). Minor shifts
attributed to the symmetric (MUA-Pd 2853 cm�1; MUAte-Pd
2848 cm�1; MUA 2849 cm�1) and antisymmetric (MUA-Pd
2926 cm�1; MUAte-Pd 2918 cm�1; MUA 2919 cm�1) C�H
stretching modes suggest the presence of gauche defects in the
monolayer packing27 caused by intermonolayer hydrogen bond-
ing between adsorbed MUA molecules. FT-IR spectra of MN-
and DT-Pd nanoparticles do not show a relevant difference from
those reported for MUA-Pd NPs (Figure S6 of the Supporting
Information).
Thermogravimetric analysis conducted on the MUA-Pd na-

noparticles (Figure S7 of the Supporting Information) has
revealed an organic content of about 45 wt %. This value, higher
than that typically measured in the case of Au-based nanoparti-
cles of similar size,27 well fits with previous observations related
to alkanethiol-protected Pd nanoparticles.14 Such an increased
organic/metal ratio in the Pd NPs can be ascribed to several
reasons: (a) the presence of subnanometer particles not clearly
visible with a conventional TEM microscopy technique (due to
the poor TEM contrast of Pd nanoparticles compared with
Au ones29), (b) the reduced Pd atomic radius compared to Au,
and (c) the presence of residual tiara PdII thiolate complexes
(Pd�thiol staple motifs),30 as observed also for Au-based

Figure 6. (left) 1H NMR spectra of MN-Pd (in CD3OD), DT-Pd (in CDCl3), MUA-DT (in acetone-d6), MUA-MN (in CD3OD), and MN-DT
nanoparticles (in CD3OD). (right) FT-IR spectra of free MUA, MUA-Pd nanoparticles, and MUAte-Pd nanoparticles (KBr pellets).
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systems.31 In the case ofMN andDT-PdNPs, an organic content
of about 35 wt %was obtained, which can be due to slightly larger
average diameters of the as-synthesized nanoparticles (Figures
S8 and S9 of the Supporting Information).
3.5. Reactivity of MUA-Pd Nanoparticles. MUA-Pd nano-

particles have been investigated with respect to the reactivity of
the carboxylic groups at the edge of themonolayer, using selected
amidation and/or esterification protocols; such an approach
paved the way to the preparation of complex molecular archi-
tectures directly at the nanoparticles surface.32,33 As for the
MUA-Pd NPs, amidation was conducted in the presence of
either 1-hexadecylamine or benzylamine,34 while the ester deri-
vative was prepared by reaction with 1-hexanol;35 in both cases,
the carboxylic acid activation was conveniently achieved accord-
ing to literature procedures. As a result, both postfunctionalized
MUA-Pd NPs showed enhanced solubility in polar and apolar
organic solvents such as CH2Cl2, CHCl3, and toluene, ultimately
confirming the occurrence of an extensive monolayer derivatiza-
tion. 1H NMR and FT-IR spectra (Figures S10�S12 of the
Supporting Information) have unambiguously demonstrated the
high derivatization degree and the presence of amido and ester
groups throughout the nanoparticle surface. Finally, the thermo-
gravimetric analysis conducted on 1-hexadecylamine-derivate
nanoparticles (Figure S13 of the Supporting Information) has
shown a slightly higher organic content (60%) compared with
that measured on pristine MUA-Pd NPs; this result fits well with
an almost complete derivatization of the original carboxylic
groups present at the surface of the NP monolayer.
3.6. Catalytic Activity of MUA-Pd Nanoparticles. The

successful applicability of MUA-Pd nanoparticles as hetero-
geneous catalysts in combination with ceria as support has
recently emerged in a number of fundamental chemical trans-
formations, from CO oxidation to water-gas shift (WGS) and
methanol steam re-forming (MSR) reactions.15 In addition,
Hyeon and co-workers have shown the use of polymer pro-
tected Pd NPs in Suzuki cross-coupling reactions,11 and Astruc
and co-workers have also demonstrated that dodecanethiol-
protected Pd nanoparticles are active heterogeneous catalysts

for the same cross-coupling reaction.36 Suzuki cross-couplings
are generally carried out using relatively large amounts of
expensive Pd salts or organopalladium complexes, which are
often difficult to recycle and need inert or controlled reaction
atmospheres.37 In order to overcome this problem, we were
interested in evaluating the catalytic properties of our MUA-
Pd NPs (prepared as follows: room temperature of the reduction
step, thiol/Pd molar ratio = 0.5, fast addition of the reducing
agent) as versatile, easily handled, and reusable heterogeneous
catalysts for Suzuki cross-couplings. A selection of the cataly-
tic results for cross-coupling reactions carried out with our
MUA-Pd nanoparticles under literature conditions12 is listed
in Table 1.
Under basic reaction conditions, the NPs are present in their

carboxylate form and can be easily recovered and separated from
the reaction mixture already at room temperature. Once the
mixture is heated at 90 �C, the MUAte-Pd nanoparticles show
excellent catalytic performances in the cross-coupling reaction of
phenylboronic acid with several aryl halides. Reactions with
iodide precursors are generally faster than those with bromides
(Table 1, entries 1, 2, and 3 vs 4, 5, and 6), leading to almost
quantitative substrate conversions even in the case of more
sterically hindered aryl halides (entries 3 and 6). The reaction
with the less reactive 4-nitrochlorobenzene (entry 7) has been
used to widen the applicability of our protocol as well as to
complete a general reactivity trend of the aryl halides under cross-
coupling conditions (Aryl-I > Aryl-Br > Aryl-Cl). For all cases
scrutinized, almost undetectable amounts (,1%) of the phe-
nylboronic acid homocoupling byproduct were identified in the
GC traces of the reaction mixture. These results are even more
important in light of the very simple reaction conditions used (no
oxygen-free conditions and solvents are required), the catalyst
handiness, and its facile and complete recovery at the end of the
catalytic process (through a simple centrifugation of the pre-
cipitated Pd NPs from the reaction mixture). Accordingly, NPs
recovery and reuse cycles have been studied in the Suzuki cross-
coupling protocol using either iodobenzene (Table 1, entry 1) or
4-bromobenzonitrile (Table 1, entry 6) as model aryl halides.
Table 2 lists the catalytic performances of our MUA-Pd nano-
particles in terms of reaction yields, as obtained from their
recycling in five successive cross-coupling protocols.
Only a slight decrease of the catalytic activity was observed in

the first five cycles, indicating the high stability of the Pd NPs as
catalyst for the Suzuki cross-coupling reaction. It seems that little
differences (yield decrease) among the successive catalytic cycles
are due to a partial catalyst loss during the centrifugation/
washing treatment (NPs recycling). Remarkably, MUA-Pd na-
noparticles can be isolated and redissolved (by acid treatment)
after each cycle, with no appreciable loss of their catalytic
performance throughout the whole recycling tests.

Table 1. Suzuki Cross-Coupling Reactions Catalyzed by
MUA-Pd Nanoparticlesa

entry R X t (h) yieldb (%)

1 H I 8 >99

2 4-CH3CO I 2 >99

3 2-CH3 I 4 98c

4 H Br 12 92

5 4-CH3CO Br 4 >99

6 4-CN Br 1 >99

7 4-NO2 Cl 12 91
aReaction conditions: 1.0 mmol of aryl halide, 1.3 mmol of phenyl-
boronic acid, 1.5 mmol of NaOH, MUA-Pd nanoparticles (2 mol % as
Pd), 5 mL of N,N-dimethylformamide (DMF), 90 �C. bReaction yields
are determined by gas chromatography�mass spectrometry (GC-MS)
analysis using naphthalene as internal standard. cReaction yield >99%
after 8 h.

Table 2. Recycling Cycles for Suzuki Cross-coupling Reac-
tions Catalyzed by MUA-Pd Nanoparticlesa

substrate/yield (%) 1st 2nd 3rd 4th 5th

iodobenzene >99 98 98 97 98

4-bromobenzonitrile >99 98 98 98 95
aReaction conditions: 1.0 mmol of aryl halide, 1.3 mmol of phenyl-
boronic acid, 1.5 mmol of NaOH, MUA-Pd nanoparticles (2 mol % as
Pd), 5 mL of N,N-dimethylformamide (DMF), 90 �C. Reaction time:
8 h for iodobenzene, 1 h for 4-bromobenzonitrile.
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Pd leaching was assessed for each catalytic cycle by ICP
analysis of the metal content in the crude reaction mixtures after
the NPs removal by centrifugation; the amount of leached
palladium was found to be absolutely negligible for each run
(<1 ppm).

4. CONCLUSIONS

In this paper we have described a simple and highly efficient
procedure for the large scale synthesis of differently functional-
ized thiol-protected Pd nanoparticles with rather small average
NPs diameter and narrow NPs size distribution. MUA-Pd
nanoparticles (∼2 nm) have amphiphilic nature, because they
are soluble in both organic solvents, when the functional group at
the edge of the SAM is present in its protonated form, and water
when it is deprotonated (carboxylates). A systematic study of the
synthetic conditions applied to the NPs production (reaction
temperature, thiol/Pd molar ratio, and reductant addition rate)
as well as their morphological outcome has been properly
addressed. The optimized synthetic protocol has also been
applied to the preparation of hydroxyl functionalized nanopar-
ticles (MN-Pd) and alkyl Pd nanoparticles (DT-Pd). Thiol
mixtures have been finally used to prepare mixed-monolayer
stabilized Pd nanoparticles with tunable properties, while easy
derivatization protocols have been successfully applied to the
MUA-Pd NPs for the preparation of ester- or amido-substituted
NP monolayers. MUA-Pd nanoparticles have been finally scru-
tinized as highly efficient, easily handled, and reusable catalysts
for Suzuki cross-coupling reaction with different aryl halides.
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