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Józef Wrzyszczb, Włodzimierz Tylusc,

a Faculty of Chemistry, University of Wrocław, 14 F. Joliot-Curie, 50-383 Wrocław, Poland
b Institute of Low Temperature and Structure Research Polish Academy of Sciences, PO Box 937, 50-950 Wrocław, Poland

c Wrocław University of Technology, Institute of Inorganic Technology, 27 Wybrze˙ze Wyspia´nskiego, 50-370 Wrocław, Poland

Received 13 September 2004; revised 28 October 2004; accepted 1 November 2004

Available online 24 December 2004

Abstract

Pd-PVP colloid (stabilized with polyvinylpyrrolidone) with a diameter of 19.8 nm in [Bu4N]Br medium catalyzes Heck coupling of br
mobenzene with butyl acrylate and methoxycarbonylation of iodobenzene reactions. Oxidativeaddition of PhI or PhBr to Pd-PVP as the fir
step of a catalytic reaction was confirmed by TEM and XPS measurements. TEM studies showed significant reduction of Pd na
size after their reaction with PhX (X= I, Br) and [Bu4N]X (X = Cl, Br, I). The biggest shift of the center of nanoparticle size dis
bution, from 19.8 nm to 7.6 nm, was found when Pd-PVP reacted with PhI and [Bu4N]Br. The formation of [Bu4N]2[Pd(Ph)Br3]- and
[Bu4N]2[PdBr4]-type complexes in that system was evidenced by XPS and UV–vis spectra.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The extraordinary catalytic properties of palladium
C–C bond formation reactions are well documented in
literature[1,2]. Among such reactions, a special place is
cupied by palladium-catalyzedreactions with aryl halides a
the substrates. Depending on the reaction conditions,
halides can be transformed into carboxylic acids, ester
amides in a one-stage carbonylation process[1]. Olefina-
tion of aryl halides, the so-called Heck reaction, produ
functionalized olefins and may be used for the synthes
multifunctional derivatives[1,3], including natural product
[4] and pharmaceuticals[5]. The Suzuki reaction produce
biphenyl derivatives[6], and in the Sonogashira proce
phenylated alkines are obtained[7].

* Corresponding author.
E-mail address:ania@wchuwr.chem.uni.wroc.pl(A.M. Trzeciak).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.11.003
l

Palladium compounds, usually complexes with ph
phane ligands, are very often used as catalyst precurso
the above-mentioned reactions. Phosphanes play the ro
stabilizers of in situ formed soluble Pd(0) complexes, wh
are generally considered the catalytically active forms[8].
On the other hand, phosphane-free catalysts have rec
generated great interest as a less complicated, env
mentally friendly, and cheaper alternative to phospha
containing systems[9–11]. However, the major disadvan
tage of phosphane-free catalysts is their low stability
to the formation of usually catalytically inactive “palladiu
black.”

Recently, palladium nanoparticles have often been
sidered to be responsible for the activity of phosphane-
catalytic systems, as confirmed by experiments in s
cases[12–14]. Reetz has shown that under Heck react
conditions the PdCl2(PhCN)2 complex is transformed int
palladium(0) nanoparticles[12]. The formation of Pd(0
nanoparticles under the sonochemical reaction has bee

http://www.elsevier.com/locate/jcat
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tablished by in situ TEM analyses[13]. It has also been
proved that palladium nanoparticles are formed during
duction of the PdCl2(cod) complex under carbonylation r
action conditions[14].

Their high surface-to-volume ratios make metal colloid
very good candidates for active catalysts, but their ther
dynamic instability complicates practical applications[15].
The first experiments with palladium colloid as catal
in the Heck reaction of unactivated aryl bromides gav
low yield of products[16,17]. Yields of only up to 20%
of ester were obtained in carbonylation of benzyl bromide
catalyzed by PdCl2(cod) and in carbonylation of iodoben
zene with Pd colloid stabilized withN -polyvinylpyrrolidone
(PVP)[14]. Very recently it was demonstrated that the He
reaction goes smoothly at very low concentrations of pa
dium nanoparticles[18].

One of the most effective ways to increase the Heck
action yield was to apply so-called Jeffery conditions, t
is, the introduction of tetraalkylammonium salts to the
action medium[19–21]. The use of ammonium salts h
made it possible to obtain very good results in a num
of Heck reactions[22–24]and carbonylation and Suzuki r
actions[25,26]. However, the role of ammonium salts a
their interactions with palladium catalyst have not been
amined in detail, and usually ammonium salts are rega
as stabilizers of metal colloids,preventing their aggregatio
[27–29].

In this paper we present results demonstrating a very
portant function of ammonium salts in the solubilization
active palladium species formed in the reaction of Pd col
with aryl halide. Similar interactions have been postula
by Reetz but have not been fully proved experimenta
Our studies were performed with a model system contain
specially prepared Pd(0) colloid (with PVP as a protect
agent) of relatively large nanoparticles (19.8 nm diamet
We studied the interactions of Pd(0) species with partic
components of the catalytic system, PhBr or PhI, [Bu4N]Br,
and CH2=CHC(O)OBu, with XPS and TEM techniques.

2. Experimental

2.1. Reactants

Methanol, Et3N, and diethyl ether were purified by sta
dard procedures[30]. Iodobenzene and mesitylene (POC
Gliwice, Poland) were used without purification. Amm
nium salts ([Bu4N]X, X = Cl, Br, I) were purchased
from Fluka, and PVP K-30 (N -polyvinylpyrrolidone,Mw =
40,000) was purchased from Fluka and used without pu
cation.

2.2. Synthesis of Pd-PVP catalyst

Three grams of PVP with an average molecular mas
40,000 Da was added to 65 cm3 of water and intensively
Fig. 1. XRD diffractogram of Pd nanoparticles in Pd-PVP colloid.

stirred until the polymer was totally dissolved. Next, 5 c3

of an acidic (HCl) solution of PdCl2, containing 0.03 g Pd in
1 cm3, was added and warmed to 85◦C. When the temper
ature of the solution was stabilized, 0.4 g of pyrogallol d
solved in 20 cm3 of water was added and stirred for 20 m
and then cooled to the ambient temperature. The dark-br
colloidal suspension obtained was dried in a desiccator
molecular sieves (13X). The product obtained was a d
brown lamellar Pd-PVP colloid containing 5% Pd. An X-r
powder diffractogram (Fig. 1) was obtained with a DRON-
powder diffractometer equipped with a Cu-Kα line. Ac-
cording to the Scherrer equation, the mean diameter o
nanoparticles related to the width of the diffracted beam
2Θ = 40.1◦ was estimated to be 19.8 nm.

2.3. TEM studies

Transmission electron microscopy (TEM) was perform
with a Philips CM-20 Super Twin microscope operating
200 kV, providing a resolution of 0.25 nm.

2.4. Sample preparation for TEM and XPS studies

Seventy-five milligrams of Pd-PVP colloid was dissolv
in methanol (1 cm3), and then the remaining componen
such as iodobenzene (or bromobenzene) andn-tetrabutylam-
monium salt in the molar ratio described inTable 4, were
added. The solution obtained was refluxed at 140◦C for 4 h.
Next, the solution was left in an open vessel until total
moval of volatiles and dried in vacuo. The samples obtai
were used for XPS measurements. The samples for T
measurements were weighted in equal portions, each
taining 5 mg of palladium. Each such portion was dissol
in 10 cm3 of spectral-purity methanol. One drop of the s
lution was placed on the carbon-coated grid and dried fo
40 min. The nanoparticle size distribution for each sam
was determined by counting the size of approximately
palladium nanoparticles from several TEM images obtai
from different places on the TEM grids. The size distribution
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plots were fitted with the use of a Gauss curve approxima
and the Microcal Origin program. The full width at ha
maximum (FWHM) of the distribution makes it possible
estimate the breadth of the size distribution of nanopartic
and the position of the center of the distribution indicates
most probable size of the nanoparticles.

2.5. XPS measurements

XPS spectra were recorded on a SPECS UHV/XPS/A
system equipped with a dual Mg/Al X-ray source and
hemispherical PHOIBOS 100 analyzer operating in the fi
analyzer transmission (FAT) mode. High-resolution spectr
were obtained with a pass energy of 8 or 10 eV; a Mgα
X-ray source was operated at 250 W and 10 kV. The wo
ing pressure in the analyzing chamber was less than×
10−10 mbar. The spectrometer energy scale was calibr
with Au 4f 7/2, Ag 3d5/2, and Cu 2p3/2 lines at 84.2, 367.9
and 932.4 eV, respectively. Correction of the energy s
due to the static charging of the samples was accompli
with the C 1s peak at 284.6 eV as a reference. The ac
racy of the reported binding energies was±0.1 eV. For the
XPS analysis, we obtained all sample specimens by p
ing sample powders into thin disks, which were moun
on sample holders and placed in a prechamber, outga
to less than 10−8 mbar at room temperature, and then tra
ferred to the analysis chamber. Stability of Pd spectra du
the XPS measurements was proved by a series of succe
measurements. The spectra were collected and process
SpecsLab software. The data analysis procedure invo
data smoothing and background calculation with the Vo
function, which is a convolution of Gaussian instrumen
function and Lorentzian function for the natural line shap

2.6. Catalytic reactions

2.6.1. Carbonylation reaction
The reactions were carried out in a 130 cm3 ther-

mostated steel autoclave with magnetic stirring. Reag
[PhI 1.1 cm3 (9.5 × 10−3 mol), NEt3 3.0 cm3 (2.15 ×
10−2 mol), mesitylene–internal standard, 0.64 cm3 (4.6 ×
10−3 mol), methanol 1.0 cm3, Pd-PVP 0.032 g (1.5 ×
10−5 mol), and [Bu4N]Br 3.22 g (1× 10−2 mol)] were
introduced to the autoclave in a N2 atmosphere. Next, th
-

d

e
y

N2 atmosphere was replaced with CO. The reactions w
carried out at 90◦C for 3 h. Afterward, the autoclave wa
cooled down and organic products were separated by ex
tion with diethyl ether (three times with 3 cm3) and analyzed
by GC-MS (Hewlett Packard 8452A). The solid residue w
dried and used in the next reaction.

2.6.2. Heck reaction
The reactions were carried out in a 50 cm3 Schlenk tube

with magnetic stirring. Reagents [PhBr 0.24 cm3 (2.3 ×
10−3 mol) or 0.48 cm3 (4.6×10−3 mol), CH2=CHC(O)OBu
0.27 cm3 (1.9 × 10−3 mol), [Bu4N]Br 0.75 g (2.3 ×
10−3 mol), NaHCO3 0.4 g (4.8 × 10−3 mol) and Pd-PVP
0.030 g (1.5 × 10−5 mol)] were introduced to the Schlen
tube under a N2 atmosphere. The reaction was carried
at 130–150◦C for 2–6 h. Afterward, organic products we
separated by extraction with diethyl ether (three times w
5 cm3) and analyzed by GC-MS (Hewlett Packard 8452A

3. Results and discussion

3.1. Catalytic activity of Pd-PVP colloid

The catalytic activity of Pd-PVP colloid was first test
in the Heck reaction of bromobenzene with butyl acrylate
(Scheme 1). In reaction with only Pd-PVP colloid after 4
28% of the monoarylated product was obtained, and
30% was obtained after 6 h (Table 1). A significant increase
in bromobenzene and acrylate conversions and the yie
the products (mono- and diarylated) were observed w
[Bu4N]Br was added to the reaction medium (Scheme 1, Ta-
ble 1).

The tendency to form diarylated products is very disti
and was observed even when the reactant ratio ([Ph/
[acrylate]) was 1.2 (Table 1). In reactions carried out wit
an excess of PhBr ([PhBr]/[acrylate] = 2.3), first (after
2 h) the monoarylated product dominated, but after 4 h
[monoaryl]/[diaryl] ratio was 26/73. A very significant tem
perature effect was noted: a temperature increase from
to 150◦C increased the rate of diarylated product format
to a yield of 93–94% after 2 h.

To investigate the possibility of catalyst recycling, t
organic products of the reaction were carefully extrac
Scheme 1.
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Table 1
Results of Heck reaction of PhBr with butyl acrylate (acr) catalyzed
Pd-PVP in [Bu4N]Br

[acr]/[Pd] Temp. Time Yield of products (%)

(◦C) (h) Monoarylated (1) Diarylated (2)

136a 130 4 28 –
6 30

172 130 2 73 –
4 35 63
6 20 77

136b 130 4 64 26
136c 130 4 73 27
136 130 2 75 8

4 26 73
136 140 2 4 93

4 1 95
136 150 2 1 94

4 1 96

Reaction conditions: PhBr, 0.24 cm3 (2.3× 10−3 mol) or 0.48 cm3 (4.6×
10−3 mol); CH2=CHC(O)OBu, 0.27 cm3 (1.9 × 10−3 mol); [Bu4N]Br,
0.75 g (2.3 × 10−3 mol); NaHCO3, 0.4 g (4.8 × 10−3 mol), or HCOONa
0.324 g (4.8× 10−3 mol); and Pd-PVP, 0.015 or 0.030 g.

a Reaction without [Bu4N]Br.
b [PhBr]/[acr] = 1.2, base: NaHCO3.
c [PhBr]/[acr] = 2.3, base: HCOONa.

with diethyl ether, and the remaining Pd catalyst dissolve
in ammonium salt was reused. In successive catalytic r
tion cycles carried out at 130◦C with NaHCO3 added as a
base, we observed (after 4 h) a significant decrease in d
lated product yield, and in the third cycle the monoaryla
product was practically the only one formed (Table 2). More
of the diarylated product was obtained when triethylam
(NEt3) or sodium formate (HCOONa) was used as the b
The system with sodium formate in particular was found
only to be very active but also relatively stable, as dem
strated by the high yield of the reaction products, and e
in the fourth cycle 89% mono- and diarylated products w
obtained (Table 3). The results obtained demonstrate qu
good efficiency of Pd-PVP as a catalyst in the Heck reac
of nonactivated bromobenzene in the presence of ammo
salt as a component of the catalytic system. The gradua
crease in the activity of the recovered Pd-PVP catalys
partially explained by the negative side effect of accum
lated NaBr, whose concentration increases over the rea
time. The oxidation of Pd(0) to Pd(II) during catalyst reco
ery can also negatively influence the reaction course.

Pd-PVP is also active in methoxycarbonylation of iod
benzene in methanol with the addition of [Bu4N]Br
(Scheme 2). Methyl benzoate with 100% yield was obtain
in 3 h at 90◦C. As in the case of the Heck reaction, t
addition of [Bu4N]Br improved the activity of Pd-PVP col
-

-

Table 2
Results of Heck reaction of PhBr with butyl acrylate (acr) catalyzed
Pd-PVP in [Bu4N]Br with catalyst recycling

[acr]/[Pd] Temp. Time Yield of products (%)

(◦C) (h) Monoarylated (1) Diarylated (2)

136a 130 4 26 74
4 79 19
4 72 1
4 18 –

172a 130 4 35 65
4 68 –
4 57 –
4 11 –

136b 140 2 41 57
4 31 66
4 54 46
4 − –

136c 140 2 17 78
4 47 49
4 66 28
4 87 2

Reaction conditions: PhBr, 0.24 cm3 (2.3× 10−3 mol) or 0.48 cm3 (4.6×
10−3 mol); CH2=CHC(O)OBu, 0.27 cm3 (1.9 × 10−3 mol); [Bu4N]Br,
0.75 g (2.3 × 10−3 mol); NaHCO3, 0.4 g (4.8 × 10−3 mol); and Pd-PVP,
0.015 or 0.03 g.

Base: a NaHCO3; b NaHCO3 + NEt3, 0.03 cm3 (2.15 × 10−4 mol);
c HCOONa, 0.0324 g (4.8× 10−3 mol).

Table 3
Results of methoxycarbonylation reaction of PhI (yield of methyl benzoate
mol%) catalyzed by Pd-PVP or [Bu4N]2[PdBr4] in [Bu4N]Br with catalyst
recycling

Catalyst Run 1 (2 h) Run 2 (2 h) Run 3 (2 h) Run 4 (2

Pd-PVP 72 35 14 5
[Bu4N]2[PdBr4] 100 74 53 33

Reaction conditions: PhI, 1.1 cm3 (9.5×10−3 mol); [Bu4N]Br, 3.22 g (1×
10−2 mol); NEt3, 3.0 cm3 (2.15 × 10−2 mol); Pd-PVP, 0.032 g (1.5 ×
10−5 mol) or [Bu4N]2[PdBr4], 0.0138 g (1.5× 10−5 mol); 2 h, 5 atm CO,
90◦C.

loid (up to 100% yield) compared with only a 20% yield
methyl benzoate under identical reaction conditions, but i
the absence of ammonium salt.

A comparison of catalytic activity of Pd-PVP collo
and [Bu4N]2[PdBr4] complex in methoxycarbonylation o
iodobenzene is presented inTable 3. The slightly higher
yields obtained with [Bu4N]2[PdBr4] complex may be ex
plained by its better solubility in reaction medium.

3.2. TEM studies of Pd-PVP in Heck reaction conditions

The results of TEM studies of the Pd-PVP colloid sa
ples as prepared made it possible to conclude that p
Scheme 2.
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Fig. 2. TEM micrographs showing typical shapes of Pd nanoparticles in the asprepared Pd-PVP colloid: triangular(a), rhombohedral(b), pentagonal (c), and
unidentified shape (d).
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dium nanoparticles have mostly very well-defined geom
rical shapes. One may distinguish the following shape
nanoparticles: triangle, rhomboidal or square, and pe
gonal (Figs. 2a–c). Relatively few particles had less defin
shapes (Fig. 2d). This observation is in agreement with si
ilar studies described in the literature[31,32]. The size dis-
tribution of as-prepared Pd-PVP nanoparticles is show
Fig. 3a. The histogram could be fitted to a Gaussian funct
yielding a maximum at 19.8 nm and a FWHM of 7.0 nm.

TEM results for Pd-PVP colloid isolated after the re
tion with particular components of the catalytic system m
it possible to monitor interactions of the nanoparticles w
the reactants under Heck reaction conditions[33]. Pd-PVP
sample heated with only [Bu4N]Br (Fig. 3b) demonstrated
that the Pd nanoparticle size distribution is practically
same as for the Pd colloid as prepared (Fig. 3a), with the
center of size distribution at 19.8 nm (Table 4).

Quite different results were obtained when the Pd-P
colloid was warmed with aryl halides like iodobenzene (P
or bromobenzene (PhBr). The results of interactions are
both on the TEM images and on the histograms presen
the nanoparticle size distribution. Reaction with iodob
zene or bromobenzene caused a decrease in the most
able nanoparticle size by about 2.3 nm (Fig. 3c) and 1.7 nm
(Fig. 4a), respectively (Table 4). It is clear from the his-
togram that the size distribution became asymmetric, in
dicating a higher dispersion of the Pd(0) nanoparticles
addition, as a result of their reaction with iodobenzene,
outline of Pd(0) nanoparticles became rounder (Fig. 3c), and
small (ca. 2 nm) crystallites appeared (shown on the ma
fied fragment ofFig. 3c), which could be formed by redu
tion of Pd(II) (like Pd(Ph)(I)) species, the products of oxid
tive addition of PhI to Pd-PVP. Compared with iodobenze
the effect of bromobenzene is weaker; however, a shift o
nanoparticle size distribution center toward smaller crys
lites and asymmetry of nanoparticle size distribution w
also observed (Fig. 4a).

However, the most significant changes in the Pd nano
ticle morphology were observed in the sample of the Pd-P
colloid warmed with iodobenzene and [Bu4N]Br (Fig. 3d,
Table 4). The center of the size distribution shifted marke
toward smaller particles with a size of ca. 7.6 nm, and la
number of small (2–4 nm) particles appeared. It can
seen distinctly that [Bu4N]Br, although itself not reactin
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Fig. 3. TEM micrographs and nanoparticles size distributions in the following systems: as prepared Pd-PVP colloid (a), Pd-PVP colloid+ [Bu4N]Br (b),
Pd-PVP colloid+ PhI (c), Pd-PVP colloid+ PhI + [Bu4N]Br (d).
ter-
ion.
s of
alts,

r-

ngly
with palladium nanoparticles, strongly enhanced their in
action with iodobenzene, leading to Pd colloid redispers
This unexpected effect was also confirmed in reaction
Pd-PVP with bromobenzene and tetrabutyl ammonium s
[Bu4N]X (where X = Cl, Br, I). In all cases a Pd nanopa
ticle size decrease was observed (Table 4), and changes in
Pd(0) nanoparticle shape and size distribution were stro
dependent on the kind of halogen anion used.
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)

Table 4
Pd(0) nanoparticle size distribution in Pd-PVP colloid as prepared and after the reactionsa with PhX (X = Br, I) and/or [Bu4N]X (X = Cl, Br, I) (Gauss curve
approximation)

Sample Molar ratio Centre of nanoparticle size distribution (nm) FWHM (nm

Pd-PVP As prepared 19.8 7.0
Pd-PVP+ NBu4Br 1:1 19.8 6.8
Pd-PVP+ PhI 1:6 17.5 8.6
Pd-PVP+ PhI+ [Bu4N]Br 1:6:3 7.6 8.1
Pd-PVP+ PhBr (1)b 1:6 18.1 6.4
Pd-PVP+ PhBr+ [Bu4N]Cl 1:6:3 17.8 7.3
Pd-PVP+ PhBr+ [Bu4N]Br (2)b 1:6:3 17.3 6.5
Pd-PVP+ PhBr+ [Bu4N]I 1:6:3 11.7 8.2

a Reaction conditions: see experimental part.
b Abbreviations of samples used for XPS measurements.
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For [Bu4N]Cl (Fig. 4b), the center of the Pd nanopartic
size distribution shifted slightly toward smaller crystallite
and, moreover, the particles became rounded. Similar
more distinct effects were observed when [Bu4N]Br was ap-
plied (Fig. 4c). The most significant changes in the nanop
ticle size distribution were noted when [Bu4N]I was used
(Fig. 4d). The center of size distribution is clearly shift
toward small crystallites (11.7 nm) (Table 4). The width of
the nanoparticle size distribution increased, and the sha
palladium particles became more irregular.

3.3. XPS studies of Pd-PVP under Heck reaction condit

3.3.1. Palladium
The XPS spectrum of as-prepared Pd-PVP showed a si

nal for Pd 3d5/2 with a dominating Pd0 line (BE= 335.1 eV)
and an additional Pd2+ line (BE = 336.9 eV) (Table 5,
Fig. 5). The Pd2+ line was first thought to originate from
PdCl2 or PdCl42−, and that assumption appeared to be
most likely, considering the method of Pd-PVP prepara
from PdCl2 solution containing HCl and the content of 1–2
chloride ions in the freshly prepared sample (Table 6). How-
ever, experimentally found BE values of 337.5 and 337.9
for PdCl2 and K2PdCl4, respectively, are too different from
the 336.9 eV found for the as-prepared Pd-PVP. There
that peak was assigned to PdO, which accompanies0

left in an oxygen-containing environment[34,35]. This was
proved by XPS measurementsof Pd-PVP over time, which
showed the Pd0 content to decrease from ca. 82% (in the
prepared sample) to ca. 25% after 3 months’ exposure t
air (Fig. 5).

The XPS-determined palladium content on the surf
(before and after reaction with PhI) was ca. 0.2%, tha
much less than the total content volume (5%) (Table 6). This
may suggest that the surface of Pd-PVP was covered
protecting polymer (PVP).

For further studies two samples of Pd-PVP colloid, pre
viously analyzed by TEM, were selected:1, Pd-PVP+
PhBr; 2, Pd-PVP+ PhBr + [Bu4N]Br; and sample3, pre-
pared by heating of a mixture containing Pd-PVP+ PhBr+
[Bu4N]Br + CH2CHC(O)OBu at a component ratio
1:6:3:6.
f

Table 5
XPS determined binding energies (BE) (eV)

Sample/BE Br 3d5/2 N 1s Pd 3d5/2
(eV) (eV) (eV)

PVP 399.0
PdCl2 337.5
K2PdCl4 337.9
Pd0/Al2O3 335.1
PdO/Al2O3 336.9
Pd-PVP (as prepared) 399.3 335.1 (82%)

336.9 (18%)

Pd-PVP+ PhBr(1) 399.5 336.9
Pd-PVP+ PhBr+ [Bu4N]Br (2) 66.8 (29%) 402.0 337.0

68.0 (71%)

Pd-PVP+ PhBr+ [Bu4N]Br +
CH2=CHC(O)OBu(3)

66.8 (40%) 402.0 336.8

68.0 (60%)

[Bu4N]2[PdBr4] 68.0 (100%) 337.1
[Bu4N]Br 66.8 (100%) 401.8

In all of the samples under study, total oxidation of P0

with PhBr was confirmed. This was indicated by the dis
pearance of the peak at BE= 335.1 eV (characteristic fo
Pd0) and the appearance of a signal at a higher BE v
(Table 5, Fig. 6b–d). It is worth noting that reaction of Pd
PVP with only PhBr (sample1) led to the oxidation of Pd0

to Pd2+ as a consequence of the oxidative addition react

Pd0 + PhBr→ Br–Pd(II)–Ph.

This is important because inboth Heck and carbonylatio
reactions the activation of the aryl halide molecule is
essential step in the mechanism[3,36]. Interesting obser
vations resulted from a comparison of the peak half-w
(FWHM) of sample1 (Fig. 6b), 2.3 eV, with those mea
sured for samples2 and3, 1.44 eV and 1.50 eV, respective
(Figs. 6c and d). The BE value for Pd 3d5/2 of sample1
was estimated to be 336.89 eV and confirmed the pres
of oxidized forms of palladium. The greater half-width
the peak for sample1 may suggest the presence of diffe
ent oxidized forms of palladium, for example, some Pd+ in
addition to the main form of Pd2+.

The peaks observed for samples2 and3, both contain-
ing PhBr and [Bu4N]Br, have smaller half-width, and th
BE values for Pd 3d5/2 were estimated to be 336.96 a



A. Gniewek et al. / Journal of Catalysis 229 (2005) 332–343 339
Fig. 4. TEM micrographs and nanoparticles size distributions in the following systems: Pd-PVP colloid+ PhBr (a), Pd-PVP colloid+ PhBr+ [Bu4N]Cl (b),
Pd-PVP colloid+ PhBr+ [Bu4N]Br (c), Pd-PVP colloid+ PhBr+ [Bu4N]I (d).
e

-

-
in a
336.83 eV, respectively (Table 5). These BE values ar
very close to that found for [Bu4N]2[PdBr4], which was
337.06 eV. This supports the conclusion that Pd0 was ox-
idized via oxidative addition to Pd2+, which was subse
quently stabilized mainly as PdBr4
2−. Small shift of peaks

(in both samples2 and 3) toward reduced forms of palla
dium may indicate the presence of traces of palladium
lower oxidation state or another form of Pd2+ complex, for
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Table 6
XPS determined atomic composition (at%)

PVP Pd-PVP
as prepared

Pd-PVP
after 3 months

Pd-PVP+ PhBr(1) Pd-PVP+ PhBr+
[Bu4N]Br (2)

Pd-PVP+ PhBr+ [Bu4N]Br +
CH2=CHC(O)–OBu(3)

C 75 75.99 71.19 82.82 78.06 68.75
N 10.7 8.83 9.97 9.64 2.48 4.05
O 12.68 14.29 17.25 4.72 13.00 21.68
Si 1.63 0.00 0.00 0.00 0.00
Cl 0.73 1.41 2.63 1.05 1.41
Br 0.00 0.00 0.00 5.06 3.88
Pd 0.16 0.17 0.19 0.35 0.23

Total 100.01 100 99.99 100 100 100
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Fig. 5. (a) Pd0/Al2O3, (b) Pd-PVP as prepared, (c) Pd-PVP after 3 da
(d) Pd-PVP after 3 months, (e) PdO/Al2O3.

example, [Pd(Ph)xBry ]2− (x + y = 4), containing a bonde
Ph ligand originating from PhBr. The formation of PdBr4

2−
was proposed earlier for electrochemically obtained pa
dium composite in tetraoctylammonium bromide stabiliz
by polypyrrole[37].

3.3.2. Nitrogen
According to XPS measurements, the BE for N 1s i

pure PVP was 399 eV (Fig. 7a), and in the presence of P
PVP it was shifted toward slightly higher energy (399.3 e
(Fig. 7b), which suggested interaction of Pd with polym
nitrogen[38]. In samples2 and3, which additionally con-
tained [Bu4N]Br, a new peak appeared, with a maximum
timated to be 402 eV. The appearance of this peak indic
that the surfaces of both samples (2 and 3) were covered
with ammonium salt, for which BE for N 1s is 401.75 e
(Fig. 7f). This proposition is additionally supported by t
identical shapes of all three curves (Lorentz:Gauss ratio) a
well as a FWHM at 1.19 eV.
Fig. 6. (a) Pd-PVP as prepared, (b) sample1: Pd-PVP+ PhBr, (c) sample2:
Pd-PVP+ PhBr+ [Bu4N]Br, (d) sample3: Pd-PVP+ PhBr+ [Bu4N]Br
+ CH2=CHC(O)OBu, (e) [Bu4N]2[PdBr4].

From the data collected inTable 6one may conclude tha
in the samples2 and3 the detected amount of nitrogen w
much lower than in pure Pd-PVP colloid or in sample1. It
can be seen fromFig. 7 that in sample2 practically all of
the nitrogen comes from the [Bu4N]+ cation, whereas onl
traces of nitrogen originating from PVP were detected on
surface.

A quite different picture was observed for sample3,
where nitrogen concentration on the surface was twic
high because of the fresh appearance of PVP nitrogen.
is explained as a result of the next step in the Heck reac
in which the Ph− ion, coordinated to palladium after o
idative addition of PhBr to Pd-PVP, reacted with butylac
late and produced butylphenylacrylate. Butylphenylacrylate
(or diphenylbutylacrylate) left the surface and uncovere
deeper layer of PVP, causing an increase in the peak of
nitrogen.
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Fig. 7. (a) PVP, (b) Pd-PVP as prepared, (c) sample1: Pd-PVP+ PhBr,
(d) sample2: Pd-PVP+ PhBr+ [Bu4N]Br, (e) sample3: Pd-PVP+ PhBr
+ [Bu4N]Br + CH2=CHC(O)OBu, (f) [Bu4N]Br. The BE values marked
from right to left: 399, 399.3, 399.5, 401.75, and 402 eV.

Further characterization of compounds present in
samples under study was obtained from XPS analysi
bromine, which led to the identification of two compoun
[Bu4N]Br and [Bu4N]2[PdBr4], on the surface of samples2
and3.

3.3.3. Bromine
From the shape of the Br 3d spectrum of samples2 and3

one may assume that bromine occurred in at least two di
ent compounds, identified as [Bu4N]Br and [Bu4N]2[PdBr4]
by comparison with model samples (Figs. 8a, b), which
is in agreement with earlier analyses of N 1s and Pd 3d
XPS data. Binding energies (BE) of Br 3d5/2 and Br 3d3/2

for [Bu4N]Br were estimated to be 66.75 and 67.7 e
whereas for [Bu4N]2[PdBr4] they were estimated at 67.9
and 68.9 eV, respectively. From the quantitative analysi
samples2 and3 one can conclude that the relative contrib
tion of [Bu4N]2[PdBr4] in sample3 decreased from ca. 7
to 60% in comparison with sample2. This may suggest pa
tial dissolution of [Bu4N]2[PdBr4] and its elimination from
the surface or the appearance of another compound cov
the surface.

Reaction of Pd-PVP colloid with aryl halides (PhBr
PhI) caused Pd0 oxidation and formation of Ph-Pd(II)-X
fragments; however, their concentration on the surface
rather low. At such a concentration of palladium, brom
ions bonded to Pd2+ were not detected, because of the ca
times lower sensitivity of the spectrometer for Br compa
with that for Pd (atomic sensitivity factors for Pd= 4.642
and for Br= 0.895).
g

Fig. 8. The Br 3d7/2 and Br 3d5/2 deconvoluted spectra of (a) sample2:
Pd-PVP+ PhBr+ [Bu4N]Br, (b) sample3: Pd-PVP+ PhBr+ [Bu4N]Br
+ CH2=CHC(O)OBu, (c) [Bu4N]2[PdBr4], (d) [Bu4N]Br.

However, reaction of Pd-PVP colloid with PhBr in th
presence of [Bu4N]Br leads to the formation o
[Pd(Ph)Br3]2− and [PdBr4]2− anions containing a highe
content of bromides per palladium atom, and as a co
quence the concentration of bromine atoms on the sur
increased (Table 6). Simultaneously, the spectrum of nitr
gen from the [Bu4N]+ cation became visible, whereas t
spectrum of PVP nitrogen was practically undetected. A
reaction withn-buthylacrylate, the Heck reaction produc
(arylated olefine and palladium-containing species) were
moved from the surface, leading to a decrease in pallad
and bromine contents.

3.4. UV–vis spectra

UV–vis spectra of samples2 and 3 were measured in
methanol in the range of 300–600 nm. No bands were
served for either sample, or for Pd-PVP colloid warm
with PhBr or PhI. However, when Pd-PVP was warm
with PhI in the presence of [Bu4N]Br or [Bu4N]I (reaction
conditions are given in theTable 4), new bands appeare
at 418 and 444 nm, respectively. The absorption ban
418 nm observed for the reaction product of Pd-PVP+
PhI + [Bu4N]Br lies close to that found at 408 nm fo
[Bu4N]2[PdBr4], and this observation supported the int
pretation of the XPS data. The UV–vis spectrum of the pr
uct obtained in the reaction of Pd-PVP+ PhI + [Bu4N]I,
with a maximum at 444 nm, was similar to that reported
Reetz, who observed a band at 450 nm[12]. The different
positions of the UV–vis bands in these two samples refle
the influence of the kind of halogen ion in [PdX4]2− ions.



342 A. Gniewek et al. / Journal of Catalysis 229 (2005) 332–343
Scheme 3.
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4. Summary

– Pd-PVP colloid (19.8-nm diameter) in [Bu4N]Br medi-
um is catalytically active in Heck coupling of bro
mobenzene with butyl acrylate and methoxycarbon
tion of iodobenzene.

– By two independent methods, TEM and XPS, it w
found that Pd-PVP colloidreacted with aryl halide
(PhX, X = Br, I) to form Pd(II) complexes containin
a X-Pd(II)-Ph fragment as a result of oxidative addition
This reaction caused a small decrease in Pd nanopa
size, from 19.8 to 17.5 nm.

– The same reaction of Pd-PVP colloid carried out
the presence of [Bu4N]Br led to the formation of
soluble [Bu4N]2[Pd(Ph)Br3]- or [Bu4N]2[PdBr4]-type
complexes, which then most probably participated
a catalytic reaction in the solution. The formation
these products was additionally proved by UV–vis sp
troscopy.

– TEM measurements of the Pd-PVP colloid after
reaction with PhX and [Bu4N]X showed a significan
reduction in the Pd nanoparticle size as a result of
ladium oxidation and solubilization. To our knowled
this is the first reported evidence of Pd nanoparticle
dispersion during a reaction.

The results of previously published papers did indic
some agglomeration of nanoparticles during catalytic re
tion and the formation of bigger crystallites. In our studi
which are related to the Heck reaction and to carbon
tion reaction conditions, the Pd(0) nanoparticle size decr
was observed when Pd-PVP colloid was heated with Ph+
[Bu4N]X (X = Br, I), and most probably the same pheno
enon will happen with any other aryl halide and ammoni
salt.

The results obtained make it possible to postulate an
portant contribution of soluble palladium complexes in
actions catalyzed by Pd-PVP colloid and an essential rol
for ammonium salts in palladium transfer from the colloi
form to soluble monomolecular complexes (Scheme 3).

The problem of equilibrium between colloidal Pd for
and soluble Pd monomolecular forms was discussed for
bonylation[39], hydrogenation in water-in-oil-microemu
sion [40], and the Heck reaction[41]. In all of the above-
mentioned cases, the formation of soluble palladium c
pounds was proposed or experimentally proved. On
other hand, however, palladium leaching from the Pd/C ca
alyst used for the Heck reaction in ionic liquids was
found[42].

– The appearance of new, very small crystallites in
PVP colloid samples after reaction with PhX+ [Bu4N]X
(Fig. 3d) may be explained by the reduction of Pd(
complexes of the [Pd(Ph)X3]2− or [PdX4]2− type.
Methanol, always present as a solvent, could serv
a reducing agent for Pd(II).

– Our studies clearly show that Pd-PVP colloid is a p
cursor of soluble forms of the catalyst, which sub
quently are again reduced to colloidal forms of low
size.
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