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Stable palladium nanoparticles were prepared by the passivation of palladium–carbon covalent
linkages by the reduction of diazonium derivatives. The resulting particles were characterized by TEM,
UV-vis, FTIR, and NMR measurements. Interestingly, in electrochemical studies of the electronic
conductivity of the particle solid ensembles, Pd–biphenyl particles exhibited metallic temperature
dependence within the temperature range of 80 to 320 K; whereas the conductivity of Pd–decylphenyl
particles showed a transition from semiconductor to metal at 180 K, manifested by their distinctly
different temperature dependence. Control experiments with alkanethiolate-protected palladium
nanoparticles in the same temperature range exhibited only semiconductor-like conductivity
which increased with increasing temperature. The discrepancy was interpreted using Mott’s model
for metal–insulator transition and ascribed to the strong Pd–C interactions and low contact resistance,
which facilitated the interparticle charge transfer.

Introduction
The research interest in nanosized metal particles has been
primarily motivated by the unique material properties that
may be exploited for diverse applications, such as nanoelectronics, (electro)catalysis, chemical/biological sensing, etc.1–4
Of these, monolayer-protected nanoclusters (MPCs) represent
an intriguing class of nanomaterials whose properties can be
manipulated readily and independently by the structure of the
metal cores as well as the organic capping shells.1,2,5,6 In the
chemical synthesis of MPCs, the growth dynamics of the particles
has been found to be controlled by at least two competing
processes,7 nucleation of zero-valence metal atoms to form the
cores, and passivation of surfactant ligands to limit the growth
of the cores. Thus, the choice of the organic capping ligands plays
a critical role in the regulation of the nanoparticle structures and
hence their chemical/physical properties and functional applications. In these studies, alkanethiols and other thiol derivatives
have been used extensively as the ligands of choice to stabilize
metal nanoparticles by taking advantage of the strong affinity of
the thiol groups for transition metal surfaces.8–12
Recently, transition-metal nanoparticles protected by other
capping groups have also been reported. For instance, stable
ruthenium nanoparticles have been prepared by the passivation
of Ru]C double bonds by virtue of the carbene fragments
formed by the reduction of diazo derivatives.13 Metal–carbon
single-bond linkages have also been exploited to stabilize gold
and platinum nanoparticles by using diazonium derivatives as
the precursors.14 Yet, to the best of our knowledge, such unique
chemistry has not been extended to other transition metal
nanoparticles.
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For instance, various synthetic protocols have been developed
for the preparation of palladium nanoparticles, e.g., vapor
condensation,15 sonochemical reduction,16,17 chemical liquid
deposition,18 reflux alcohol reduction,19–22 decomposition of
organometallic precursors,23 hydrogen reduction,24 electrochemical deposition,25–27 and the biphasic Brust protocol8,28,29
(a more extensive survey of particle synthetic protocols can be
found in a recent review30). Yet, in these earlier studies, the
particles are mostly stabilized by polymers through noncovalent
interactions or thiol derivatives by virtue of the Pd–S linkage.
Little attention has been paid to palladium nanoparticles that
are passivated by palladium–carbon covalent bonds. As palladium has been used extensively as the contact metal of choice
in the fabrication of carbon nanotube-based nanoelectronic
devices/circuitries because of the low contact resistance,31–33 one
would anticipate that palladium–carbon covalent linkages will
be strong enough to stabilize the nanosized particles. In fact, the
bonding energy for a Pd–C single bond is 436 kJ mol1, even larger
than that of the Pd–S linkage (380 kJ mol1).34 Thus, fundamentally, it will be of great interest to examine the effect of the
metal–ligand bonding interactions on the particle charge transfer
properties, because of the metal–organic composite nature of
the nanoparticle materials, and because nanoparticles are playing
an increasingly important role in nanoelectronics. This is the
primary motivation of this work.
In this study, we first report the synthesis and characterization
of a series of palladium nanoparticles that are protected by Pd–C
single bonds (hence referred to as Pd–C particles), and examine
the solid-state electronic conductivity of the particle dropcast
films. In contrast to the semiconductor characters that are generally manifested by alkanethiolate-protected palladium (Pd–SR)
nanoparticles, the conductivity properties of the Pd–C particles
are markedly different. For instance, for biphenyl-stabilized
Pd particles, the temperature dependence of the ensemble
conductivity is consistent with metallic materials; whereas for
decylphenyl-protected particles, the ensemble conductivity exhibits
a transition from semiconductor to metal with increasing
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temperature. This indicates the importance of metal–carbon
linkages in the regulation of interparticle charge transfer, in
addition to the specific chemical structure of the linkers.

Experimental
Chemicals
Palladium chloride (PdCl2, 96%, ACROS), tetra-n-octylammonium bromide (TOABr, 98%, Aldrich), hydrochloric acid (HCl,
Fisher), superhydride (LiB(C2H5)3H, 1 M in THF, ACROS),
fluoroboric acid (HBF4, 50 wt% in water, ACROS), 4-ethylaniline
(99+%, ACROS), 4-decylaniline (ACROS), 4-aminobiphenyl
(Aldrich), sodium nitrite (NaNO2, p.a., ACROS), n-hexanethiols
(C6SH, 96%, Aldrich), n-decanethiol (C10SH, 96%, Aldrich),
n-dodecanethiol (C12SH, 98.5%, Aldrich), and all solvents
(from ACROS) were used as received. Water was supplied with
a Barnstead Nanopure water system (18.3 MU cm).
Synthesis of Pd nanoparticles
Diazonium ligands were synthesized by following a literature
synthetic protocol.35 Briefly, a calculated amount of an amine
precursor was dissolved in ice-cold 50 wt% fluoroboric acid, to
which a 1 : 1 stoichiometric amount of sodium nitrite was added.
The solution was allowed to mix for several minutes. The
products were then washed thoroughly with cold fluoroboric
acid, ethanol, and ether to remove any impurities, affording
the corresponding compounds of diazonium tetrafluoroborate.
Three batches of diazonium ligands were prepared in this study
using 4-ethylaniline, 4-decylaniline, and 4-aminobiphenyl as the
precursors, which were then used to prepare stable palladium
nanoparticles as detailed below.
The procedure for the synthesis of the Pd nanoparticles varied
slightly with the diazonium ligands used. To prepare decylphenyland biphenyl-stabilized palladium nanoparticles (denoted as
Pd–DP and Pd–BP, respectively), we adopted the synthetic
procedure that was used previously for the synthesis of gold and
platinum nanoparticles.14 Briefly, palladium chloride (0.25
mmol) was dissolved in 50 mL of nanopure water; and a calculated
amount of the diazonium salt was dissolved in 50 mL of toluene.
These two solutions were then mixed under rigorous magnetic
stirring for about 30 min. The aqueous phase was found to become
colorless whereas the organic phase turned orange-brown, signifying that the Pd(II) ions were transferred into the organic phase
by complexion with the diazonium ions. The aqueous phase was
separated and discarded. Superhydride (Li(C2H6)3BH4, 5 mL)
was then added dropwise to the organic phase. The solution color
changed rapidly from orange to dark green-black signifying the
formation of palladium nanoparticles. The solution was allowed
to stir for another 30 min, and then washed twice with 0.5 M
sulfuric acid and twice with 0.5 M sodium bicarbonate to remove
any unreacted metal complexes. Subsequently, solvents were
removed under reduced pressure with a rotary evaporator. The
resulting sample was washed several times with ethanol to remove
any excess of ligands and other impurities. In this study, the Pd–
DP particles were prepared at a Pd : diazonium molar feed ratio
of 1 : 2, and for Pd–BP 1 : 4; thus the resulting particles are referred
to as Pd–DP (2) and Pd–BP (4) respectively.
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To prepare palladium nanoparticles stabilized by ethylphenyl
ligands (denoted as Pd–EP), the synthetic procedure was slightly
different. Here, palladium chloride (0.25 mmol) was first
dissolved in 0.5 M HCl. To this solution was then added 1.1 g
of tetraoctylammonium bromide in 80 mL of dichloromethane
to transfer Pd(II) to the organic phase. The aqueous phase was
then removed and the organic phase was washed three times
with nanopure water. The organic solution was bright orange
in color. A calculated amount of the ethylphenyldiazonium
ligands was then added to the organic solution. The formation
of the palladium nanoparticles occurred upon the dropwise
addition of 5 mL superhydride (Li(C2H6)3BH4) where the
solution color changed from bright orange to dark green-black.
Then the washing protocol used above for the Pd–BP and
Pd–DP particles was employed for the purification of the
Pd–EP particles. Two sets of Pd–EP nanoparticles were
prepared, one with a palladium : diazonium (molar) feed ratio
of 1 : 2 (2), and the other 1 : 4 (4).
The particles synthesized above all exhibited good solubility in
apolar solvents (e.g., CH2Cl2, CHCl3, THF, and toluene) but
were insoluble in polar solvents such as alcohols and acetone.
Yet it was found that the two batches of Pd–EP particles
gradually lost their solubility in apolar solvents when exposed
to air for an extended period of time whereas the Pd–DP and
Pd–BP particles were quite stable. Thus the characterizations
of the Pd–EP particles were limited to TEM, UV-vis and
FTIR measurements of their fresh samples.
For comparison, palladium nanoparticles have also been
prepared by using alkanethiolates as the protecting ligands (all
at a Pd : thiol feed ratio of 1 : 2). Specifically, hexanethiolate-,
decanethiolate-, and dodecanethiolate-protected palladium
nanoparticles (denoted as Pd–SC6, Pd–SC10 and Pd–SC12
respectively) were synthesized by using the procedure that was
described previously.28
Spectroscopies
Transmission electron microscopic (TEM) measurements were
carried out with a JEOL 1200 EX transmission electron microscope operated at 80 keV. The samples were prepared by casting
a drop of the particle solutions in toluene onto a 200-mesh
carbon-coated copper grid; and at least five images were
acquired for each sample. High-resolution TEM micrographs
were acquired at the National Center for Electron Microscopy
at the Lawrence Berkeley National Laboratory. The nanoparticle
core sizes were estimated by digitizing the TEM micrographs
with ImageJ software.
The purity of the nanoparticles was confirmed by proton
NMR measurements (Varian Unity 500 MHz) which were
carried out with concentrated solutions of the nanoparticles
dissolved in CDCl3. The absence of any sharp features indicated
that the particles were free of excessive free ligands. UV-visible
spectroscopic measurements were carried out with a UNICAM
ATI UV4 spectrometer. The particles were typically dissolved
in CH2Cl2 at a concentration of 0.1 mg mL1. The FTIR
measurements were carried out with a Perkin-Elmer FTIR
spectrometer (Spectrum One) where the samples were prepared
by casting the particle solutions onto a NaCl disk. The spectral
resolution was 4 cm1.
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potentiostat with the temperature varied from 80 to 320 K
(Lakeshore Temperature Controller Model 331). The ensemble
conductivity (s) was evaluated by using the equation

 
1
S
s¼
49R L
where R is the ensemble resistance calculated from the slope of
the I–V curves, L is the IDA electrode interfinger gap (5 mm);
and S is the film cross-section area approximated by (finger
height, 5 mm)  (finger length, 3 mm). The constant (49) reflects
that there are totally 49 junctions which are in parallel within the
IDA chip.

Results and discussion
TEM measurements

Fig. 1 TEM micrographs of (A) Pd–EP (2), (B) Pd–EP (4), (C) and
(D) Pd–DP (2), and (E) and (F) Pd–BP (4) particles. Scale bars in (A),
(B), (C) and (E) are 20 nm; and in (D) and (F), 2 nm. Insets show the
respective histograms of the nanoparticle size distribution. Arrows
denote the lattice fringes obtained in high-resolution TEM measurements
(D and F).

Electrochemistry
The solid-state conductivity of the nanoparticles was measured
by electrochemical studies of their ‘‘dropcast’’ films. Here a
concentrated solution (typically 50 mg mL1 in toluene) of the
palladium nanoparticles was deposited onto the fingers of a gold
interdigitated arrays (IDA) electrode (25 pairs of gold fingers of
3 mm  5 mm  5 mm, from ABTECH) by using a Hamilton
microliter syringe. The electrode was then placed inside a cryostat
vacuum chamber (from Janus Research Company) and the
current–potential profiles were collected by using a CHI 440

Transmission electron microscopy (TEM) has been used
extensively to examine the nanoparticle core dimensions and
structures.36,37 Fig. 1 shows a representative TEM micrograph
for each of the Pd nanoparticles stabilized by Pd–C linkages.
First, it can be seen that the particles were dispersed thoroughly
over the entire grid without any apparent aggregation, suggesting sufficient passivation of the Pd nanoparticle cores by the
aliphatic ligands through the Pd–C bonds, akin to the Pt–C
and Au–C particles reported earlier.14 Second, high-resolution
TEM images (panels D and F) clearly depict a lattice fringe of
2.2 Å which is consistent with the spacing of the Pd(111) single
crystal lattice. Third, from the core size histograms (insets), the
majority of the particles can be found within the size range of
2 to 4 nm; and the series of nanoparticles all exhibit a rather
narrow dispersity (20%) of the core diameter, as summarized
in Table 1. Overall, the core size (and dispersity) is rather
comparable to that of the platinum nanoparticles (dia.  3
nm) synthesized under similar conditions, but substantially
smaller than that of the gold counterparts (ca. 8 nm).14 This
can be ascribed to the weak Au–C bond (<200 kJ mol1)38 as
compared to the Pt–C (598 kJ mol1) and Pd–C (436 kJ mol1)
counterparts,34 as the metal–ligand bond strength largely dictates
the passivation of the core during particle growth.7
In addition, in the Pd–EP particles (Fig. 1, panels A and B), it
can be seen that by increasing the initial feed ratio of diazonium
to palladium, the average diameter of the resulting particles
decreases somewhat, from 3.1  0.6 nm (2) to 2.4  0.4 nm
(4). This is in good agreement with previous results39 where
a larger excess of protecting ligands results in a smaller diameter
of the particle core, as a consequence of the competing mechanism in nanoparticle growth.7 Yet, it should be noted that a large
excess of alkanethiols will corrode the Pd cores, leading to the
formation of ionic complexes;28,29 whereas the Pd–C particles
obtained above remain stable in the presence of excessive

Table 1 Summary of the core diameter (d) of Pd nanoparticles stabilized by different surface monolayers
Particles
Pd–EP
Pd : ligand ratio
d/nm

(2)
3.1  0.6

(4)
2.4  0.4
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Pd–DP

Pd–BP

Pd–SC6

Pd–SC10

Pd–SC12

(2)
3.6  0.8

(4)
3.1  0.6

(2)
3.5  0.6

(2)
3.9  0.9

(2)
5.0  1.4
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diazonium, again suggesting a rather dense packing of the
aliphatic ligands on the particle surface.
The TEM micrographs and core size histograms for the three
alkanethiolate-protected palladium (Pd–SR) particles are
included in the Electronic Supplementary Information (ESI†
Fig. S1). The average core diameters are found to be between 3
and 5 nm (Table 1), slightly larger than the Pd–C particles
(Table 1). Again, this may be ascribed to the stronger Pd–C
linkage and hence more effective passivation of the particle
surface during nanoparticle growth.7
Spectroscopy
Nanometer-sized transition-metal particles exhibit unique optical
properties.40 For example, Au, Ag, and Cu nanoparticles exhibit
intense surface plasmon resonances in the visible range which
are superimposed onto the exponential-decay Mie-scattering
spectra. In the case of nanoscale palladium particles, however,
the absorption profile does not exhibit a surface-plasmon resonance band. Indeed, the UV-vis absorption spectra of the Pd–C
nanoparticles synthesized above (not shown) are all featureless
with only an exponential decay profile, very similar to those of
the Pd–SR nanoparticles,28 as interpreted by the Mie theory.40
Fig. 2 depicts the FTIR spectra of the three Pd–C nanoparticles,
along with those of their respective diazonium compounds. It
can be seen that the majority of the vibrational features remain
almost the same for both the Pd–C particles and the corresponding diazonium ligands. These include, for instance, the C]C
stretches in the aromatic rings at 686, 729, 1500, and 1608 cm1,
and methylene C–H stretches at 2880 and 2939 cm1.41 Yet, the
most striking difference is the disappearance of the diazonium
(N^N) vibrational stretch at 2250 cm1 in the particle samples
as compared to the results of the free ligands. Similar behavior
has also been observed previously in the synthesis of Au–C and
Pt–C nanoparticles.14 Upon the addition of the reducing agent,
nitrogen was released as a consequence of the reduction (and
cleavage) of the diazonium moieties; and the resulting aliphatic
radicals bound to the Pd surface forming Pd–C bonds. Thus,
from the FTIR results (Fig. 2) one can also see that the particle
samples are free of excessive diazonium ligands.
The purity of the Pd–C nanoparticles was further examined by
1
H NMR measurements. Fig. 3 shows the spectra of both the
Pd–DP and Pd–BP particles along with their respective diazonium ligands in CDCl3. First, it can be seen that in decylphenyldiazonium (panel D), the four phenyl protons can be clearly
identified at 7.6 (2H) and 8.6 (2H) ppm; additional characteristic
peaks can be observed at 0.9 ppm and 1.2 ppm for the methyl and
methylene protons, respectively. For biphenyldiazonium (panel
B), the nine phenyl protons can be found at the three peaks
between 7.4 and 7.7 ppm. Yet, when the ligands are bound onto
the Pd particle surface, the responses become drastically
different. For the Pd–DP particles (panel C), only the peaks for
the methyl and methylene protons can now be seen and they are
substantially broadened, as compared to their counterparts in
the free ligands (panel D); whereas the peaks for the phenyl protons
vanish completely. The phenyl protons cannot be seen in the Pd–
BP nanoparticles either (panel A). This is because the peaks simply
become broadened into the baseline. This broadening phenomenon has been observed previously with other nanoparticles and
758 | J. Mater. Chem., 2008, 18, 755–762

Fig. 2 FTIR spectra of the three diazonium ligands and the corresponding palladium nanoparticles. Samples were prepared by dropcasting their
respective concentrated solutions in dichloromethane onto a NaCl disk.

accounted for by the combined effects of several factors, including
the slow tumbling rate of the nanoparticles, and heterogeneous
packing density and conformations of the ligands on the particle
surface.42,43 In reality, the broadening becomes more pronounced
as the functional group lies closer to the particle core; and hence
the disappearance of the phenyl protons in the aforementioned
Pd–C particles. The broadened features can also be used as a
signature to distinguish particle-bound ligands from the free
ones. Thus, the absence of any sharp feature in the high field
region (>7 ppm) in the particle NMR spectra strongly suggests
that the obtained particles are free of any free diazonium ligands
or their reduced products (note that the sharp peaks at ca. 7.2 ppm
and 1.5 ppm are from the CDCl3 solvent; and peaks at lower
fields most likely arise from traces of solvents from the particle
purification process, such as CH2Cl2 at 5.3 ppm, and ethanol
and acetone at 2–3 ppm).
Conductivity studies
The solid-state conductivity of the Pd–C nanoparticles obtained
above was then examined by electrochemical measurements with
This journal is ª The Royal Society of Chemistry 2008

Fig. 3 1H NMR spectra of Pd–C nanoparticles (A, Pd–BP; C, Pd–DP)
and diazonium ligands (B, biphenyldiazonium; D, decylphenyldiazonium). The samples were all prepared in CDCl3.

a dropcast thick film of the particles on an IDA electrode.
Fig. 4A shows the current–potential (I–V) profiles of the Pd–
BP nanoparticles within the temperature range of 80 to 290 K.
It can be seen that the I–V responses exhibit a linear (ohmic)
character within the entire temperature range under study,
suggesting very efficient interparticle charge transfer. This is
not surprising, considering the short and aromatic capping layer.
As compared to the control measurements with the same blank
electrode (current of the order of pA; red dotted line), the
currents of the particle solid films are significantly greater, of
the order of mA even at a potential bias of only 0.4 V. More
importantly, the currents are found to decrease with increasing
temperature (80 K to 320 K), behavior actually anticipated for
metallic materials.34 From the slope of the I–V curves, one can
calculate the conductivity of the particle solid films which is

only slightly less than 1 S m1 (Fig. 4B). This is about seven
orders of magnitude smaller than that of bulk palladium (ca.
0.93  107 S m1 at room temperature34), which can be ascribed
to the metal–organic nanocomposite nature of the particles.
Additionally, the particle conductivity decreases (almost linearly)
with temperature in the range of 80 to 290 K (Fig. 4B). While the
decrease is less dramatic than that of the bulk metal, the observation deviates significantly from previous studies44–48 of metal
nanoparticles protected with thiol derivatives where the conductivity is generally found to increase with increasing temperature,
namely, the particle ensembles behave as semiconductor materials and the interparticle charge transfer (hopping) is interpreted
on the basis of a thermal activation mechanism (ESI†).
As the average core diameter of the Pd–BP nanoparticles is
3 nm (Table 1 and Fig. 1), the particle cores will behave
similarly to bulk palladium. Thus, the ensemble conductivity is
anticipated to be mainly determined by the Pd–ligand contact
and the ligand matrix itself. Yet, as mentioned earlier, palladium
has been used extensively as the metal of choice to create contacts
with carbon nanotubes because of the strong Pd–C bonding
interactions and low contact resistance.31–33 Furthermore, the
p–p stacking as a result of ligand intercalations between adjacent
particles in the solid films may serve as an effective pathway for
interparticle charge transfer.49 Thus, it is most probable that
the combination of all these factors gives rise to the metal-like
conductivity properties of the Pd–BP particle solids.
By introducing a saturated spacer into the capping ligands, the
resulting particles exhibit drastic differences in the I–V measurements. Fig. 5 (panels A and B) depicts the I–V data of the Pd–DP
particles. First, linear I–V profiles can also be seen within the
entire temperature range of 80 to 320 K (Fig. 5), but the magnitude
of the currents (of the order of tens of nA) is substantially smaller
than that observed above with the Pd–BP particles (Fig. 4),
although they are still significantly larger than the background
currents (red dotted line in panel A). This can be ascribed to the
long decyl spacer that impedes interparticle charge transfer.
Second, in contrast to the Pd–BP particles which exhibit a
monotonic decrease of the ensemble conductivity with increasing
temperature (Fig. 4), the Pd–DP particles behaves somewhat
more complicated. From Fig. 5A, one can see that the current
first increases with increasing temperature from 80 to 180 K,
exhibiting semiconductor character; yet, with further increase

Fig. 4 (A) Current–potential profiles of a Pd–BP nanoparticle dropcast thick film at varied temperature. Potential scan rate 20 mV s1. (B) Variation of
the ensemble conductivity with temperature.
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Fig. 5 (A and B) Current–potential profiles of a Pd–DP nanoparticle
dropcast thick film at varied temperature. Potential scan rate 20 mV
s1. (C) Variation of the ensemble conductivity with temperature.

of the temperature (from 180 to 320 K), the current actually
starts to decrease (panel B), akin to that observed in Fig. 4 where
the particle films behaves like metallic materials instead. Fig. 5C
summarizes the ensemble conductivity with temperature, and it
clearly depicts a transition temperature around 180 K where
the interparticle charge transfer evolves from semiconductor to
metallic behavior.
It has to be noted that in the above studies, the particles could
be recovered completely from the IDA electrode surface by
dissolving them in CH2Cl2 at the end of the measurements,
and the I–V responses of the IDA electrode remained virtually
invariant to that prior to the deposition of the particle films.
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This suggests little ripening of the particles after repetitive
potential cycling. Thus, it is highly unlikely that the metallic
character observed above arose from ligand desorption and
consequently direct contact of the particle cores and shortening
of the IDA fingers.
Similar transitions have also been reported in resistivity
measurements of monolayers of much larger Ag nanoparticles
(dia. 7.8 nm) passivated by octanethiolates or decanethiolates50
where at temperatures above 200 K the films exhibit a metallike resistance, whereas at lower temperatures (60 to 200 K)
the conductance is mainly driven by thermal activation and the
films behave as semiconductors. Heath and co-workers
explained this behavior by using the Mott–Hubbard band model.
At low temperatures, the particle superlattice is a Mott insulator
with a Coulomb gap that originates from the single particle
charging energy (i.e., the Hubbard energy); whereas at higher
temperatures, metallic behavior starts to emerge where the
interparticle charge transfer is facilitated as a result of the
temperature-induced band widening. Using a scattering formalism, Remacle and Levine51 carried out a computational study
to examine the current–potential–temperature characteristics of
these nanoparticle ensembles; and the temperature-dependent
conductivity was attributed to the increase of the number of
energy states that contributed to the interparticle charge transfer.
In another study, Snow and Wohltjen47 measured the
conductance of solid films of dodecanethiolate-stabilized gold
nanoparticles of varied sizes. For particles with core diameter
<5.0 nm, only semiconductor-like temperature dependence was
observed of the ensemble conductivity within the temperature
range of 190 to 300 K; whereas for larger particles (core dia.
ca. 6.0 nm and 7.2 nm) the ensemble conductivity was found
to evolve from semiconductor to metallic behavior with increasing temperature, and the transition temperature decreased with
increasing particle core size, from 260 K (6.0 nm) to 240 K
(7.2 nm). Two mechanisms were employed to account for such
a transition. One is related to the shrinking of the particle core
to the domain of the de Broglie wavelength; and the other is
the diminishment of charging energy barrier as a result of
increasing core size which facilitates interparticle charge transfer.
More recently, Murray et al.52 reported that temperatureinduced core motion could also lead to drastic enhancement of
the ensemble conductivity as a consequence of the thermal
modulation of interparticle separations. Thus, it is very plausible
that the transition observed in the present study (Fig. 5) can also
be interpreted in a similar fashion by taking into account the
contributing effects of thermally induced core motion as well
as thermal activation of interparticle charge transfer. Both are
clearly dependent upon the specific particle structures such as
core size and protecting ligands (more discussion below).
Control experiments
We also measured the conductivity of the palladium
nanoparticles passivated by alkanethiolates (Pd–SR) as a control
experiment. The I–V curves are included in the ESI† (Fig. S2 and
S3). Two aspects warrant special attention here. First, the
conductivity of the Pd–SR nanoparticles is significantly smaller
than that observed above with the Pd–C nanoparticles, despite
comparable (or even shorter) chainlength of the organic capping
This journal is ª The Royal Society of Chemistry 2008

ligands and somewhat larger nanoparticle cores (Table 1).
Second, the conductivity exhibits an exponential decay with
ligand chainlength, signifying a hopping process in interparticle
charge transfer, as observed previously (ESI† Fig. S3).44,48,53 In
addition, the I–V characteristics were found to exhibit semiconductor behavior within the same temperature range where
the conductivity increased with increasing temperature.
Note also that for arenethiolate-protected gold particles of
similar sizes (protected by monolayers of benzylthiolate, phenylethylthiolate, phenylbutanethiolate, and cresolthiolate), the
ensemble conductivities all exhibit semiconductor character within
the temperature range of 223 K to 323 K, i.e., the conductivity
increases with increasing temperature, in sharp contrast to the
Pd–C particles. Similar semiconductor behavior was also observed
with p-toluenethiolate-protected Pd nanoparticles (ESI† Fig. S4).
Taken together, the above observations can be rationalized
using Mott’s model for metal–insulator transitions.54 According
to this model, a compressed lattice of hydrogen atoms is anticipated to exhibit metallic behavior when the interatomic
distance approaches 4.5a0, where a0 is the Bohr radius. By
approximating nanoparticles as artificial atoms,
Z
a0  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2m  f
where m* is the effective mass of electrons, 4 the barrier height,
and Z Planck’s constant. Thus, the transition of the conductance
of a nanoparticle ensemble into the metallic domain only occurs
when the interparticle charge transfer is sufficiently enhanced.
This can be achieved by increasing particle core size (thus
lowering the Coulombic barrier for interparticle charge transfer),
decreasing particle–ligand contact resistance (hence enhancing
electronic spilling beyond the metal cores), and/or raising ensemble temperature (by virtue of thermal activation and core thermal
motions). Thus, whereas the aforementioned Pd–DP particles
(Table 1) are substantially smaller than the Au–SR47 and Ag–
SR50 particles that exhibit similar semiconductor–metal transitions with increasing temperature, the Pd–DP particles benefit
from the strong Pd–C bonding and hence markedly reduced
interfacial contact resistance that offset the core size effects.

Conclusions
Stable palladium nanoparticles have been prepared by passivation of the metal cores with Pd–C covalent linkages. Upon the
addition of a strong reducing agent, the particles were produced
by the reduction of palladium(II) precursors. Concurrently, the
aliphatic radicals generated from the reduction of diazonium
liagnds formed the Pd–C linkages by taking advantage of the
strong Pd–C bonding interactions. The nanoparticles were then
characterized by TEM and various spectroscopic measurements.
Interestingly, solid-state conductivity studies showed that the
Pd–C particles exhibited drastically enhanced conductivity properties as compared to the alkanethiolate-protected counterparts.
For instance, the Pd–BP particles exhibited metal-like temperature dependence of the conductivity, whereas the Pd–DP particle
ensembles showed semiconductor-like character at temperatures
lower than 180 K and metallic behavior at higher temperatures.
In sharp contrast, only semiconductor characteristics were
observed with the Pd–SR particles where the conductivity was
This journal is ª The Royal Society of Chemistry 2008

all found to increase with increasing temperature within the
same temperature range. This study signifies the importance of
metal–ligand linkages in the regulation of ensemble conductivity
properties. Importantly, these unique characteristics can be
rationalized using Mott’s model for metal–insulator transitions.
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