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ABSTRACT: This letter reports Pd-nanocluster catalysts and 
their formation in ligand-free Suzuki-Miyaura reactions with Pd(II) 
nitrate as a precatalyst. The catalysts are water-soluble neutral Pd 
tetramer and trimer in their singlet electronic states as identified by 
UV-Vis absorption spectroscopy and are formed by leaching of 
spherical Pd(0) nanoparticles with an average diameter of about 
three nanometers. The Pd(0) nanoparticles are produced by 
reducing Pd(II) nitrate and characterized with transmission electron 
microscopy and Pd-K edge extended x-ray fine structure 
spectroscopy. The Pd(II) reduction is induced by ethanol and 
enhanced by potassium hydroxide and monitored with x-ray 
photoelectron spectroscopy.

Transition-metal catalyzed cross coupling is a powerful 
synthetic method for constructing carbon-carbon and carbon-
heteroatom bonds in pharmaceuticals, agrichemicals, and 
precursors for materials.1-6 Among various cross-coupling schemes, 
the Suzuki-Miyaura (SM) reaction uses an organoboron 
nucleophile and an organic halide electrophile as coupling partners 
and has the most important technical significance due to the 
relatively mild reaction conditions and the non-toxic, air/moisture 
tolerant nature, and wide availability of organoboron derivatives.5, 

7-8  Although ligand-stabilized, unsaturated Pd(0) complexes are 
generally known as catalysts in solution-phase cross-coupling 
reactions, new catalytical species have recently been proposed for 
both homo- and hetero-geneous reactions.9-13

For reactions employing Pd complexes that are stabilized with 
phosphine ligands, unusual Pd(I) and Pd3(IV) catalysts were 
reported recently.9-11  The Pd(I) catalyst was a binuclear complex 
and formed by the reduction of a Pd(II) precursor in the presence 
of a phosphine ligand.9  The formation of the Pd(I) species 
depended on the nature of the Pd (II) precursor, the choice of the 
phosphine ligand, the stoichiometry of the Pd to phosphine, and the 
order of the addition of the reagents. The Pd3(IV) catalyst with each 
Pd atom in an oxidation state of +4/3 was formed by the reaction 

of a Pd(II) salt and a phosphine in the presence of NaBH4.10 In the 
SM coupling between various aryl bromides and phenylboronic 
acid, the Pd3(IV) catalyst reacted first with phenylboronic acid to 
generate an intermediate, which is in contrast to the well-
established SM coupling mechanism where an oxidative addition 
is the first step.10 As to the transmetallation step, tri- and tetra-
coordinate boron complexes were identified as containing Pd-O-B 
linkages.14 

For ligand-free cross-coupling reactions with Pd-containing 
solids, the physical state and chemical identity of catalytical species 
remains under debate.5,12-13, 15-21  Several studies proposed that Pd 
catalysts were in solid states,12-13, 15, 22 while others argued that they 
were molecular species produced by leaching of solid precatalysts 
in solutions.16-21 In supporting the argument of heterogeneous 
catalysis, a stable single-atom Pd catalyst anchored on exfoliated 
graphitic carbon nitride was reported through scanning 
transmission electron spectroscopy;12 a direct contact between aryl 
bromides with the metal surface of Au-Pd superstructures was 
proposed through surface-enhanced Raman spectroscopic 
measurements;13 and the SM coupling reactivity was observed to 
correlate with surface changes on Pd nanoparticles supported on 
carbon nanotubes.15   On the other hand, there is emerging evidence 
toward a scenario that Pd-containing solids only serve as a reservoir 
of soluble catalytically active Pd species.16 However, the chemical 
identity of the soluble Pd species is being actively debated. Several 
studies proposed Pd oxides as active species leached out from Pd 
supported on metal oxides, nanotubes, wire, foil, or sponge,16-17, 19 
while others suggested small Pd clusters formed in N-methyl 
pyrrolidone as active species,18 or the identity of the molecular 
species in solutions was unknown.20-21 
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Scheme 1.  Water-soluble Pd3,4 nanoclusters formed by leaching of Pd (0) nanoparticles catalyze the SM coupling between C6H5Br and 
C6H5B(OH)2 with Pd(NO3)2.2H2O as a precatalyst.

In this work, we have identified water-soluble neutral Pd4 and 
Pd3 nanoclusters as catalysts in the SM coupling reaction between 
bromobenzene and phenylboronic acid with Pd(II) nitrate as a 
precatalyst and in the presence of ethanol and potassium hydroxide 
(Scheme 1). The Pd4,3 nanoclusters are formed by leaching of 
spherical Pd(0) nanoparticles in the reaction medium. The Pd(0) 
nanoparticles are produced by the reduction of Pd(II) nitrate, and 
the reduction is induced by the alcohol and enhanced by the base.

To investigate if the SM coupling is catalyzed homogeneously 
or heterogeneously, we performed the reactions separately with 
water-soluble Pd species and solid Pd particles. The soluble and 
solid Pd were isolated from catalytical mixtures that were prepared 
at 80 oC in two batches: one with the bromobenzene and 
phenylboronic acid substrates (batch A) and the other without them 
(batch B), both in the presence of Pd(II) nitrate, potassium 
hydroxide, water, and ethanol. Upon isolation, the soluble Pd 
species reside in the inorganic layer of the supernatant while the 
solid Pd particles are in precipitate. The SM reactions were then 
carried out at 80 oC, separately with the inorganic supernatants and 
precipitates isolated from the two batch mixtures in fresh base and 
alcohol aqueous solutions. The details of the mixture preparation, 
isolation, and SM reactions are presented in Figures S1 and S2, and 
results are summarized in Table 1. The yields of the coupling 
product, biphenyl, were measured by gas chromatography–mass 
spectrometry (GC-MS) (Figures S3-S5). As shown in the table, 
both the soluble and solid Pd prepared from batch A exhibit a high 
catalytical activity, while with batch B, only the soluble Pd species 
catalyzes the SM reaction.

Table 1. SM coupling of bromobenzene and phenylboronic acid 
substrates catalyzed by soluble Pd species and solid Pd particles 
isolated from catalytical mixtures.

Mixturea Yield (%) with 
soluble Pd 
speciesb

Yield (%) with 
solid Pd 
particlesb

With substrates 
(batch A)

91 89

Without substrates 
(batch B)

61 0

a In both cases, the mixtures consisted of Pd(NO3)2.H2O (0.0375 
mmol), KOH (0.96 mmol) and 4 mL 1:1 H2O: CH3CH2OH and 
were stirred in air at 80oC for 0.5 h (batch A) and 1 h (batch B). 
b Yields of biphenyl were measured with GC-MS. SM coupling 
reactions of bromobenzene and phenylboronic acid were carried 
out with stir in air at 80oC for 0.5 h (with batch A) or 1 h (with 
batch B) in the solution of KOH (0.96 mmol) and 4 mL 1:1 H2O: 
CH3CH2OH. 

To help understand the activity difference between the solid Pd 
from the two mixtures, we measured the Pd 3d x-ray photoelectron 
spectra (XPS) and observed the Pd particles prepared from the two 
batches are both in the zero-oxidation state even though their 
reaction yields are 0 and 89%, respectively. We also measured UV-
Vis spectra of the inorganic layers isolated from the reaction 
mixtures and found that the spectra are the same  with the soluble 
and solid Pd prepared with the substrates. These spectroscopic 
measurements suggest that the Pd(0) particles themselves are not 
an active catalyst but serves as a reservoir from which catalytical 
species are discharged into the solutions, which is consistent with 
numerous previous studies.16-21  The leaching and activity are 
enhanced for the solid Pd (0) particles that were isolated from the 
mixture with the organic substrates, as previously reported for Pd 
supported on alumina or carbon in SM and Heck reactions.23-24 
Activity enhancement is also observed for the soluble Pd species 
from the mixture with the substrates.  In addition, we tested the 
activity of the soluble and solid Pd from the two batch mixtures 
prepared at the room temperature and found that the reaction yields 
(e.g., 83 and 66% for the soluble and solid Pd, respectively, with 
the substrates and no product for both Pd without the substrates) 
are lower than those prepared at 80 oC (Table 1) This observation 
suggests that an increased temperature enhances the Pd leaching 
and activity as well.

We then investigated the reusability and stability of the water-
soluble Pd catalyst. Figure 1 presents the yields of biphenyl 
obtained from several runs by using the soluble and solid Pd 
isolated from the mixture with the substrates, each run was carried 
out in triplicate. The yields of biphenyl from the first three 
consecutive runs were similar in two cases. After the third run, the 
reaction with the Pd(0) particles delivered no product, while the 
reaction with the soluble Pd species still showed fair activity in two 
additional runs under the same conditions. The fewer catalytical 
cycles with the Pd (0) particles are likely due to the redeposition of 
the discharged soluble Pd species on the surface of the solid. To 
test the stability of the soluble Pd species in the solution, we 
performed the SM coupling after the fresh inorganic supernatant 
was stored at room temperature for 12 weeks and found the reaction 
generated biphenyl with 40% yield. This observation shows the 
water-soluble Pd species is very stable under ambient conditions, a 
clearly desirable property for any catalysts. 

Page 2 of 7

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

Figure 1. Comparison of biphenyl yields of the SM reaction 
catalyzed with soluble Pd species (red) and Pd(0) particles (blue). 
The yields were measured with GC-MS. 

To confirm that biphenyl was formed by the SM cross-coupling 
between C6H5Br and C6H5B(OH)2, rather than through the 
homocoupling of C6H5Br or C6H5B(OH)2, we carried out three  
control experiments with a) C6H5Br,  b) C6H5B(OH)2, and c) 2-
bromotoulene (C7H7Br) and C6H5B(OH)2. These reactions were 
conducted separately with the soluble Pd species from the mixtures 
with and without substrates. The reactions with only C6H5Br or 
C6H5B(OH)2 yielded no product in both cases, whereas the cross 
coupling of C7H7Br and C6H5B(OH)2 produced the product of 2-
phenyltoleuene in 90% yield with the substates and 53 % without 
them (Scheme S1 and Figures S6 ad S7). 

After the identification of the SM coupling being catalyzed by 
water-soluble Pd species, we proceeded with the experiment to 
determine their chemical identities. It is observed that the soluble 
Pd species consist of Pd4 as the major species and Pd3 as the minor 
one, as shown by comparing the experimental and computational 
UV-Vis spectra in Figure 2. The experimental spectrum was 
obtained by subtracting the spectrum of the spent inorganic 
supernatant after the final run from the spectrum of a fresh solution 
prior to the SM reaction to minimize the interference from organic 
chemicals. The supernatant after the final run contains no Pd 
clusters, while the clusters are not consumed in the fresh solution. 
The experimental spectrum was recorded in the range of 200-700 
nm, but no signal was observed beyond 400 nm. The theoretical 
spectra were computed using 
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Figure 2. Measured UV-Vis spectrum of soluble Pd species and 
calculated spectra of Pd1-4 and PdO by TD-DFT calculations with 
the continuum solvation model. 

Time-dependent density functional theory (TD-DFT), and the 
solvent (i.e., water) effect was treated by the polarizable continuum 
model.25 We considered several small Pdn species (n=1-4) and PdO 
in our calculations because these two classes of molecules were 
previously proposed as possible catalytical species in ligand-free 
Pd-catalyzed SM reactions.16-19 Because they are stable in aqueous 
solutions under ambient atmosphere, these species are expected to 
be in singlet electronic states where all electrons are paired, rather 
than other spin states with one or more unpaired electrons. The 
singlet spin states are the electronic states of the neutral molecules. 
The calculated spectrum of a nearly-planar Pd4 cluster (1A, Cs) 
shows well-matched maximum absorption wavelength (~ 275 nm) 
and profile with the measured spectrum. The spectrum of a planar 
Pd3 cluster (1A1, C2v) displays a much broader absorption profile 
and a lower intensity with the maximum at ~ 270 nm. Its 
contribution may not be excluded but must be considerably smaller 
than that of the Pd4 cluster. For other species, the spectral maxima 
are predicted at 309 nm for Pd (1S), 316 nm for Pd2 (1+

g, Dh) and 
250 nm for PdO (1+, Cv); all have much lower intensities. Thus, 
these molecules are not significant in the supernatant. The Pd 
tetramer and trimer (Figure S8) serve as a catalyst because they are 
the major soluble Pd species, their existence leads to the formation 
of the coupling product, and they are the reactants and products in 
multiple runs until their activity is diminished. The current work is 
consistent with the previous study where Pd3,4 clusters formed in 
N-methylpyrrolidone and estimated with the jellium model were 
proposed to be active species,18 but inconsistent with other studies 
where palladium oxides were reported to be catalytically active.16-

17, 19 However, the electronic states and relative contributions of the 
Pd clusters were not identified with the jellium model that was used 
for size estimation in the previous study.18 Nevertheless, it is 
interesting that the jellium model that is based on the uniform 
electron gas and often used in solid physics is capable for 
estimating the size of such small metal clusters in aqueous solutions. 
We have also located a singlet Pd4 cluster in a three-dimensional 
structure. However, the calculated UV-Vis spectrum of the three-
dimensional Pd4 singlet state has a much lower intensity and 
broader absorption than that of the experimental spectrum (Figure 
S9). Thus, the three-dimensional Pd4 is not a significant species of 
the catalyst. 

The next issue that was addressed is the size and shape of the 
solid Pd particles that serves as the reservoir of the Pd clusters. 
Figure 3 shows the transmission electron microscopy (TEM) 
images of the Pd nanoparticles prior to the SM reaction (a) and after 
the final run (b), taken with the electron beam perpendicular to the 
sample surface, while those in Figure S10 are images taken at other 
angles. Before the SM reaction, most of the Pd nanoparticles have 
a spherical shape, and the average diameter of fifty-five 
nanoparticles is estimated to be 2.99  1.32 nm. After the final run 
of the SM reaction, the shape of most Pd nanoparticles becomes 
roughly cylindrical with the average dimension of 2.71  1.18 nm 
in diameter and 7.42  0.97 nm in length. The spherical shape of 
the Pd nanoparticles before the reaction suggests that the 
constituent molecular species have negligible total electric dipole 
moments. Indeed, the electric dipole moments of the Pd4 and Pd3 
clusters are predicted to be zero and 0.027 D, respectively. On the 
other hand, the cylindrical shape of the Pd nanoparticles after the 
final run of the reaction suggests that the constituent inactive 
molecular species should have a larger electric dipole in one 
direction than those in other two directions. One of the inactive 
species is presumably PdO, which is predicted to have the electric 
dipole of 8.352 D along the molecular axis and zero along the axes 
perpendicular to the molecular  axis.
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Figure 3. TEM images and size histograms of the spherical Pd 
nanoparticles before the SM reaction (a) and the cylindrical Pd 
particles after the final run (b). The dimension of the cylindrical 
particle size is represented by the diameter of the cross section and 
the length.

The existence of PdO on the surface of the Pd nanoparticles after 
the final run of the reaction is also consistent with the XPS 
measurements, where Pd(II) was observed as a major oxidation 
state (Figure S11). In contrast, only Pd(0) was detected on the 
surface of the Pd nanoparticles before the reaction (Figure S11). To 
investigate the local coordination of the Pd nanoparticles, we 
performed Pd-K-edge x-ray absorption spectroscopic 
measurements. The extended x-ray absorption fine structure 
(EXAFS) single-shell fits in the R-space indicate that the local 
coordination number of Pd-Pd is 4.3  0.9 for the sample before the 
reaction and reduces slightly to 3.4  0.6 for the sample after the 
final run of the reaction (Table 2 and Figure S12). The EXAFS 
measurements are consistent with the UV-Vis spectra that show the 
Pd4,3 clusters are leached to the supernatant from the surface. The 
EXAFS measurements also show an increase of Pd-O from the 
before-reaction to the after final-run sample. Such an increase 
correlates with the degradation of activity of the Pd catalyst. 

Table 2. EXAFS parameters from the best single-shell fits.a

NPd-O
RPd-O 
(Å) NPd-Pd

RPd-Pd 
(Å) σi

2 (Å2)

Pd foil 12 2.740 
(2) 0.0054(4)    

Pd(NO3)2 2 2.02 
(2) 

Sample 1 1.1(4) 1.97 
(4) 

4.3 
(9) 2.75 (1) 

Sample 2 1.7(3) 1.99 
(2)

3.4 
(6) 2.78 (1)

0.009 (1) 

aFor Pd(NO3)2, only the first Pd-O contribution is listed in the table. 
Sample 1: the sample before the reaction. 
Sample 2: the sample after the final run of the reactions. 
E0(Pd-Pd) = 0.8 ± 1; S0

2
(Pd-Pd) = 0.78 ± 0.04; S0

2
(O-O) = 1.1 ± 0.2; 

∆E0(Pd-O) = 8 ± 2; ∆E0(Pd foil) = 4.6 ± 0.3

The Pd(0) nanoparticles are formed by the reduction of Pd(II) 
nitrate induced by ethanol and enhanced by potassium hydroxide at 
the room and reaction (80 oC) temperatures. The reduction was 
monitored by the XPS measurements of Pd 3d electron binding 
energies (Figure 4). For Pd(NO3)2.2H2O dissolved in water (Figure 
4a), the Pd (II) 3d electron binding energies are measured to be 
337.2 and 342.5 eV, which correspond to the 3d5/2 and 3d3/2 spin-
orbit terms, respectively. The energy ordering of the two spin-orbit 
terms arising from the 3d9 configuration upon ionization is 
consistent with Hund’s rules, where for a more than half-filled 
subshell, the state with a larger total angular momentum J has a 
lower binding energy. The relative intensity of the 3d5/2 to 3d3/2 
bands is governed by the (2J+1) degeneracy of each term, where J 
= 5/2 and 3/2. There is a weak satellite band at the higher energy 
side of each main band, and these weak bands arise from a shake-
up process where the outgoing 3d electron interacts with a valence 
electron and excite it to a higher energy level. The addition of KOH 
to the Pd(II) nitrate solution has no effect on the Pd 3d binding 
energies (Figure 4b), implying that the Pd oxidation state remains 
to be +2. However, the addition of ethanol to the Pd(II) nitrate 
solution produces two extra bands in the XPS spectrum (Figure 4c), 
and these two bands are easily assigned to Pd(0) 3d5/2 at 335.2 eV 
and 3d3/2 at 340.5 eV. Surprisingly, adding KOH to the solution of 
Pd(II) nitrate and ethanol vanishes the Pd(II) 3d bands (Figure 4d), 
indicating that the reduction of Pd(II) to Pd(0) is now complete. We 
also measured the Pd 3d photoelectron spectra for the soluble Pd 
species by using an increased amount of Pd(II) nitrate to obtain a 
reasonable XPS signal. We observed that Pd in the supernatant is 
in zero-oxidation state (Figure 4e), which is consistent with the 
comparison of the experimental and computed UV-Vis spectra that 
shows Pd4,3 are neutral clusters. The slightly blue shift of the Pd 3d 
electron binding energy (0.4 eV) from the nanoparticles in the 
precipitate to the soluble species in the supernatant reflects the 
well-known size-dependent electron property of metal clusters and 
particles.26 

The comparison of the Pd 3d photoelectron spectra in Figure 4(a-
d) shows that ethanol acts as the reducing agent for the reduction 
of Pd(NO3)2.2H2O and KOH enhances the alcohol-induced 
reduction even though the base alone is not capable to reduce the 
palladium salt. These observations can be understood by the 
following two reactions:
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CH3CH2OH  + Pd(NO3)2 = Pd(0) + CH3CHO + 2HNO3        (1)

KOH + HNO3 = KNO3 + H2O                                              (2)

Figure 4. XPS spectra of Pd 3d for the aqueous solutions of 
Pd(NO3)2.2H2O (a), Pd(NO3)2.2H2O + KOH (b), Pd(NO3)2.2H2O + 
CH3CH2OH (c), and Pd(NO3)2.2H2O + CH3CH2OH + KOH [(d) 
for the precipitate and (e) for the supernatant]. 

The observed ethanol-induced Pd(II) reduction (1) is consistent 
with well-known Pd-catalyzed oxidation of alcohols.27 The 
formation of CH3CHO is confirmed by the 13C NMR spectrum in 
Figure S13, where the 30.7 and 200.83 ppm bands are indicative of 
the production of acetaldehyde.28 The Pd(II) reduction is enhanced 
by the simple acid-base reaction (2), which consumes nitric acid 
and thus shifts the reduction equilibrium to the Pd(0) side. The role 
of the base observed in this work is complementary to the 
previously reported base effect on the transmetallation and 
reductive elimination in Pd-catalyzed SM reactions.29-30  

In summary, we report Pd-nanocluster catalysts and their 
formation in the SM coupling reaction between benzene bromide 
and phenylboronic acid with palladium nitrate as a precatalyst. The 
SM coupling is homogenous in nature without any stabilizing 
organic ligands. The Pd catalyst consists of mainly neutral Pd 
tetramers with sescondary Pd trimers in their singlet electronic 
states. The Pd nanoclusters are generated by leaching of the Pd(0) 
nanoparticles and stable in aqueous solutions for at least three 
months at the room temperature. The Pd(0) nanoparticles are 
formed by reducing Pd(II) nitrate, and the reduction is induced by 
ethanol and enhanced by potassium hydroxide. Without the base, 

the extent of the Pd(II) nitrate reduction is not sufficient for the SM 
coupling. Although this study is carried out with Pd(II) nitrate as a 
precatalyst and ethanol and potassium hydroxide as reducing 
agents, we envision that conclusions reached in this work about the 
Pd catalyst will likely be valid for SM reactions with other 
inorganic Pd(II) salts as precatalysts and other alcohols and bases 
as Pd(II) reducing agents.   
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