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bstract

The functional resin poly-MTEMA–DMAA–MBA (MTEMA, 2-(methylthio)ethylmethacrylate; 4 mol%, DMAA,N,N-dimethyl-
crylamide, 88 mol%; MBA,N,N’-methylenebisacrylamide, 8 mol%) referred to as MTEMA–DMAA-4–8, behaves as a macromo

igand towards PdII and AuIII in water (Pd) and acetonitrile (Au). Mn /resin complexes are easily reduced with NaBH4 in water to M0/resin
omposites. The swollen polymer framework of MTEMA–DMAA-4–8 is seen to act as a “mold” leading to the production of ca
anoclusters for both elements. M0/MTEMA–DMAA-4–8 composites exhibit useful catalytic properties in various chemical transforma
nder mild conditions in water.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The production and dispersion of metal nanoclusters onto
norganic supports and amorphous carbon rests on well con-
olidated technologies belonging to the realm of industrial
atalysis and of basic catalysis research[1]. In spite of the
xistence of a variety of specific synthetic strategies, their
ery rationale relies on three main approaches, i.e.:

: precursors of both the metal nanoparticles and of the rele-
vant supports (or the support itself) are intimately mixed
under ambient conditions and then thermo-reduced ac-
cording to very controlled protocols[2];

∗ Corresponding author. Tel.: +39 049 8275211; fax: +39 049 8275223.
E-mail address:benedetto.corain@unipd.it (B. Corain).

B: precursors of metal nanoclusters are let to be adso
onto suitable supports from the gas or liquid phase
subsequently thermally decomposed[3];

C: metastable size-controlled metal nanoclusters are p
ously generated in a liquid medium upon reducing a
able metal precursor, and subsequently transferred
pre-formed support particles[4].

As to point C, the generation of metastable metal nano
ters in solution appears to be the so far most investigate
rationalized approach to size-controlled metal nanoclu
in solution. Among the employed stabilizers, linear polym
have been particularly investigated and exploited in the
two decades[5] after the appearance of the seminal pape
Irai in 1979[6]. With the aim of stabilizing the colloidal sy
tems towards nanoclusters aggregation and to making
meet technological needs, their transfer to the surface o
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Fig. 1. Generation of size-controlled metal nanoparticles inside metallated
resins: our Template Controlled Synthesis approach, TCS). Macromolecular
chains are interconnected by cross-linking short chains (not shown in the
sketch). Figure depicts a two-dimensional section of a spheroidal volume
element ca. 20 nm in diameter. (a) PdII is homogeneously dispersed inside
of the polymer framework; (b) PdII is reduced to Pd0; (c) Pd0 atoms start
to aggregate in subnanoclusters; (d) a single 3 nm nanocluster is formed
and “blocked” inside the largest mesh present in that “slice” of polymer
framework. (From ref[19b]).

particles of heterogeneous supports was successfully pursued
by a number of authors[7–14].

In the frame of our long lasting interest for the chemical,
nanostructural and physico-chemical properties of gel-type
resins[15–20], we started to consider their polymer frame-
works as a sort of structurally tunable mold in order to obtain
size-controlled Pd0 nanoclusters directly inside of the body
of the individual resins beads. We published our first encour-
aging results in 2000[17], in 2003 [19a] that were based
on the employment of designed resins of known nanoporos-
ity and, finally, in 2004[19b] when we established an un-
questionable correlation between resin nanoporosity and Pd0

nanoclusters size, determined with two quite unrelated tech-
niques, i.e. TEM and XRD-Riedvelt.

Fig. 2. Primary structure of re

Time was mature to test our TCS (Template Controlled
Synthesis) approach (Fig. 1) [19b] to another nanostructured
metal center, i.e. Au0, for which size-control is particularly
important in gas-phase reactions[3]. Thus, Au0 supported on
metal oxides[2] and on carbon[4] is known to be very effec-
tive in promoting the catalytic oxidation and hydrogenation
of diverse organic substrate in water, or methanol under quite
mild conditions[21]. Inspection of the literature[21] reveals
that Au0 nanoclusters size does not seem to be so dramati-
cally important under liquid phase conditions as it is in gas
phase reactions. However, in the frame of the current tumul-
tuous evolution of the knowledge on Au0 catalytic chemistry,
the viable control of gold nanoclusters size also in catalysts
specifically aimed at working in the liquid phase appears to
be a relevant issue. In this connection, usefulness of control
of metal nanoclusters size is suggested by preliminary results
recently provided by Rossi and co-workers[22].

We report in this paper on the synthesis of
M0/resin (M0 = Au0, Pd0) catalysts (resin = poly-2-
(methylthio)ethyl methacrylate-N,N-dimethylacrylamide-
N,N′-methylenebisacrylamide, 4, 8, 88 mol%,Fig. 2),
hereafter referred to as MTEMA–DMAA-4–8, with the
precise aim of testing our TCS approach to two different
metal centers inside of the same nanostructurally character-
ized functional resin. Preliminary catalytic tests will be also
o
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. Experimental

.1. Apparatus

XRMA: Cambridge Stereoscan 250 EDX PW 98
EM: PHILIPS CM 200 FEG with a Supertwin-Le
perated at an accelerating voltage of 200 KeV. L
arameters:f= 1.7 mm,Cs = 1.2 mm,Cc = 1.2 mm, giving a
oint resolution of 0.24 nm and a line resolution of 0.1

SEC: home-assembled apparatus made available by D
erabek, Institute of Chemical Process Fundamentals, C
cademy of Sciences (Prague-Suchdol). Basic opera
nd choice of steric probes are described in[23–25].

Samples preparation for TEM: some samples were
ained by mechanical milling of the as-prepared solid sa
nd subsequent dispersing in ethanol with a ultrasonic

or 0.5 h. One drop of the so obtained suspension was br
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Table 1
Details on the synthesis and on experimental elemental composition of resin
MTEMA–DMAA-4–8

Code Monomers (g) C (%) H (%) N (%) S (%)

MTEMA–DMAA-4–8 MTEMA (0.81) 56.65 8.87 13.16 1.39
DMAA (11.12) (0.38)a

MBAA (1.57)

DMAA = N,N-dimethylacrylamide; MTEMA = 2-(methylthio)ethyl metha-
crylate; MBAA =N,N′-methylenebisacrylamide.

a mmol/g of MTEMA.

onto a carbon-coated copper grid, dried at room temperature
and then put into the microscope. Some samples were ob-
tained by embedding the material in Araldite CY212 and, af-
ter polymerization, by cutting 70 nm slices with a Diamond-
knife.

2.2. Solvents and chemicals

From various commercial sources, used and received.

2.3. Syntheses

The procedure for synthesizing functional resins has been
carefully described in ref.[18]. The only difference was in the
thorough washing of the crude and ground resins (sieved to
180–400�m) with methanol in a Soxhlet apparatus for four
days. Specific details are collected inTable 1.

Elemental analyses listed inTable 2are very close to the
composition expected fromTable 2(next Section), for a 100%
yield, after accounting for absorbed water (from 5.0 to 5.5%).

2.4. Metalation of MTEMA–DMAA-4–8 and reduction
to M0/resin composites (typical procedure)

The functional resin (ca. 1 g, ca 0.4 mmol –SMe) is sus-
p nder
m Cl
o l
M ring
a ays,

AA-4–

Table 2
Designed composition and observed polymerisation yield of resin
MTEMA–DMAA-4–8

Code Monomer
composition

Mol (%) Polymerisation
yield (%)

MTEMA–DMAA-4–8 DMAA 88
MTEMA 4 99
MBAA 8

DMAA = N,N-dimethylacrylamide; MTEMA = 2-(methylthio)ethyl metha-
crylate; MBAA =N,N′-methylenebisacrylamide.

after which time the surnatant phase turns out to be colour-
less. The resin colour does not appreciably change in the case
of Au and it turns to pale brown in the case of Pd. Metalated
resins are filtered, washed with water and dried in vacuo at
60◦C to constant weight.

2.5. Reduction of metalated resin in water (typical
procedure)

The metalated resin (ca. 1.2 g) is suspended in ca. 200 ml
water and left under moderate stirring for 2 h. Ca. 250 mg
(6.6 mmol) of NaBH4 dissolved in 50 ml water are added
under manual stirring with consequent vigorous gas evolution
and left under moderate mechanical stirring for ca. 90 min.
After this time the surnatant phase appears to be colourless
and the resins have become burgundy red (Au) and black (Pd).
Reduced resins are filtered, washed with water and dried in
vacuo at 60◦C to constant weight.

3. Results and discussion

The designed resin is aimed at possessing pendants able
to covalently link PdII and AuIII ions, i.e. thioethereal units.
Moreover, the resin is featured by a moderate cross-linking
d y an
e d
c rted
i

ended in the required medium (see below) and left u
oderate stirring for 2 h. Ca. 20 mg (0.06 mmol) of Au3
r ca. 25 mg (0.11 mmol) of [PdCl4]2− dissolved in 40 m
eCN (Au) or water (Pd) are added under manual stir
nd left under moderate mechanical stirring for ca. 4 d

Fig. 3. XRMA scanning picture of Pd/MTEMA–DM
 8 (left) and SEM picture of the relevant section (right).

egree as it is requested to give a gel-type resin and b
ssentially amphiphilic character[20a,c,h]. Resin design an
omposition and relevant polymerisation yield are repo
n Table 2.
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Table 3
Data for Au0, Pd0/resin composites

Code Au (%) Pd (%) Colour

MTEMA–DMAA-4–8 0.75 Burgundy red (Au)
0.70 Black (Pd)

Quite in line with our long-standing experience[20e,h],
co-polymerization of the employed monomers and cross-
linker promoted by�-rays leads to the facile and quantitative
conversion to the desired materials bearing ca. 0.4 mmol/g
of thiomethyl functionality (Fig. 2). Resins are obtained as
180–400�m brittle colorless and transparent particles (see
Experimental) with a reasonable swellability in water and
methanol (2–3 ml/g).

As anticipated above, the choice of monomer 2-(methyl-
thio)ethyl methacrylate (MTEMA) was suggested by the rea-
sonable expectation that the thioethereal functionality should
be a useful ligating site for anchoring AuIII to the func-
tional resin and as a means of homogeneous dispersion of the
metal centers (and consequently of Au0 nanoclusters,Fig. 1)
through the body of the resin particles in the synthetic steps
1–2. The thioethereal functions are also useful as stabilizing
sites for the Au0 nanoclusters thus counteracting sintering
trends.

In fact, the resin reacts easily with AuCl3 in MeCN and
with Pd(OAc)2 in THF/H2O 2:1 to give colourless and light
brown materials respectively, which are subsequently re-
duced with NaBH4 in water to give red (Au) and black (Pd)
materials, respectively (Table 3), i.e.:
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polymer networks, provides a faithful description of both the
intensive parameters (polymer chain densities) and exten-
sive properties (specific volumes of variously dense poly-
mer fractions). On the other hand, the conventional model
of the so-called cylindrical pores[26] relies on a geome-
try that is not directly related to the physical reality of the
polymer framework but that can be used, from the mathe-
matical point of view, for correlating the chromatographic
data to the morphology of the polymer framework at the
nanometer scale with essentially the same accuracy provided
by Ogston’s model. As a matter of fact, the porosity of a
swollen gel described upon using cylindrical pore geome-
try gives easily understandable information about effective
size of the cavities among the polymer chains although the
specific pore volume data per se might be somewhat erro-
neous. However, for investigating on the factors affecting the
formation of metal nanoclusters inside of the swollen poly-
mer matrix, the effective size of the “cavities” used in the
templating molds is much more important than their specific
volume.

Results of ISEC characterisation of the swollen state mor-
phology in water of MTEMA–DMAA-4–8 resins are conve-
niently illustrated inTable 4.

The resin appears to be built up with domains predomi-
nantly featured by 0.5 and 2.5 nm “cylindrical pores”. Con-
s
i 5 nm
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.1. MTEMA–DMAA-4–8

MTEMA–DMAA-4–8 was analysed with ISEC (Inver
teric Exclusion Chromatography)[24,26]in water and rele
ant resin/M0 composites were characterised with XRM
nd with TEM. ISEC provides accurate information

he nanometer scale morphology of a given resin, afte
welling in a convenient liquid medium. It is based on m
urements of elution behaviour of standard solutes
nown effective molecular size that are let to flow thro
column filled with the investigated material under co

ions in which the elution is influenced exclusively by
nano)morphology of the stationary phase. Similarly to
ase of the other porosimetric methods, mathematical
ent of the elution data allows one to obtain information

he morphology of the investigated material using a sim
eometrical model. It is now established that for descri

he morphology of swollen polymer gels the best suit
ool is the so-called Ogston’s model[25] that depicts pore
s spaces between randomly oriented solid rods. This g
try, albeit a fair simplification of the morphology of swol
equently, if the model illustrating the TCS strategy (Fig. 1)
s correct, we expect the predominant formation of ca. 2.

0 nanoclusters.

.2. XRMA analysis

In the frame of our endeavour for the designed synth
f M0/resin nanocomposites[15–20], we normally take ad
antage of X-ray Microprobe Analysis (XRMA) to monit
he location of the produced metal nanoclusters (“scan
icture” mode) in the body of the catalyst particles that
ormally just submillimetric in size. This convenient te
ique is featured by a ca. 5�m practical resolution powe
nd provides a useful view of metal distribution norm

able 4
SEC characterisation of the macromolecular template MTEMA-DMAA

MTEMA-DMAA- 4-8

ample wt. (g) 1.54
ead volume (ml) 1.22

ore diameter (nm) (ml/g)
.5 2.17

0
.2 0.19
.5 0.79
.7 0.01
.2 0.04
.5 0.06

0

verage pore diameter (nm) 2.5
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Fig. 4. XRMA scanning picture of Au/MTEMA–DMAA-4–8 (left) and SEM picture of the relevant section (right).

through equatorial sections of the metalated resins particles
(Figs. 3 and 4).

It is seen that metal nanoclusters dispersion through the
body of the support is homogeneous in the case of AuIII and
somewhat peripheral in the case of PdII .

3.3. TEM analysis

Pd0 and Au0 are present as well spaced narrowly size-
dispersed spheroidal nanoparticles (Figs. 5 and 6).

The relevant nanoclusters diameters are compared in
Table 5with the predominant largest pores observed by ISEC
analysis in the resin framework (seeFig. 1).

The agreement between the expected and the observed
size of the metal nanoclusters is complete in accordance with
the TCS model[19b]. A perceivable size increase of Pd0

ocluste

nanoclusters is observed with the aging of the metal/resin
composite in the laboratory atmosphere and the effect is more
marked in the case of Au0. Apparently, this phenomenon
deserves further thorough investigation.

3.4. Catalytic tests

The Au0/resin composite described in this paper is the
second example of resin-supported Au0 potential catalyst. In
fact, Shi and Deng[27] recently reported on a rather ill de-
fined material obtained upon impregnation of the macroretic-
ular resin Ionexchanger IV (Merck, Darmstadt, Germany)
with aqueous HAuCl4. The authors do not provide informa-
tion on metal distribution through the resins particles, stat-
ing that the catalyst contains Au0 and that “average size of
the Au0 nanoparticles is less than 10 nm”[27]. In spite of
Fig. 5. Size distribution of the metal nan
 rs in the Au0/MTEMA–DMAA-4–8 catalyst.
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Fig. 6. Size distribution of the metal nanoclusters in the Pd0/MTEMA–DMAA-4–8 catalyst.

Table 5
Predominant largest pores diameter in MTEMA–DMAA-4–8 vs. observed
average nanoclusters diameter in M0/MTEMA–DMAA-4–8 catalysts (M =
Au, Pd)

Predominant largest pores 2.5 nm

Average nanoclusters (Au) 2.2 nma

Average nanoclusters (Pd) 2.3 nmb

a 3.3 nm after 6 months storage.
b 2.6 nm after 12 months storage.

this paucity of pieces of information, their catalyst appears
to be quite interesting in that it is remarkably active in the
oxidative carbonylation of amines to carbamates and substi-
tuted ureas at 175◦C. It is worth noting that the actual op-
erational conditions are rather unusual in that they start un-
der liquid phase conditions with no added solvent, and they
end up a solid phase (the liquid phase is eventually totally
consumed).

We have started a series of catalytic tests aimed at survey-
ing the catalytic efficiency of our catalyst in three significant
systems: (a) oxidation ofn-aldehydes ton-carboxylic acids
with molecular oxygen in water (a model reaction)[28], (b)
oxidation ofn-butanol ton-butanal again with dioxygen in
water[29] and (c) the direct synthesis of hydrogen peroxide
from dihydrogen and dioxygen under quite mild conditions
in a water–methanol mixture[30]. All tests are successful and
we anticipate here a few preliminary results relevant to point
(a). A full collection of catalytic results will be presented in
Part II [31] together with the description of the synthesis and
characterization of other resins-based Au0 and Pd0 catalysts
closely related to Au0/MTEMA–DMAA-4–8.

3.5. Pentanal oxidation to pentanoic acid

Catalyst Au0/MTEMA–DMAA-4–8 was tested in water at
70◦C, PO2 = 3 atm, [K2CO3] = 0.23 M. The results obtained
after 2 h, for aldehyde/cat. molar ratio equal to 1000, reveal
that the new catalyst is twice as active as a classic Au0/C
one. Thus, the conversion of pentanal into pentanoic acid
was equal to 95% to be compared with 42% observed with
Au0/C, under identical conditions[31].

4. Conclusions

A moderately cross-linked co-polymer ofN,N-dimethyl-
acrylamide, 2-(methylthio)ethyl methacrylate andN,N′-
methylenebisacrylamide proves to be an effective macro-
molecular ligand able to extract upon co-ordination PdII and
AuIII from water and acetonitrile solutions, respectively, and
to thoroughly disperse them inside of its polymer framework.
Chemical reduction with NaBH4 in water leads to M0/resin
composites, in which a good size-control of the generated
metal nanoclusters, 2.2 nm (Au) and 2.3 nm (Pd), is observed.
Catalyst Au/MTEMA–DMAA-4–8 is active in water in the
oxidation of pentanal to pentanoic acid by dioxygen under
mild conditions.
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B. Corain et al. / Journal of Molecular Catalysis A: Chemical 225 (2005) 189–195 195

tifica, Italy (Project number 2001038991). We are indebted
to Dr. K. Jerabek for his supervision to one of us (CB) in
Prague and with Company “Programma Ambiente”, Padova,
Italy for timely and accurate performing of Au and Pd ele-
mental analyses. We are also indebted to Prof. L. Prati for
communicating some preliminary catalytic results obtained
in her laboratories with our materials and to Dr. L. Tauro
and to Dr. M. Favaro for careful performing of XRMA.
Alexander von Humboldt Foundation is gratefully acknowl-
edged for a Wiederaufnahme Scholarship provided to one of
us (B.C.).

References

[1] (a) G. Ertl, H. Kn̈otzinger, J. Weitkamp, Handbook of Heterogeneous
Catalysis, Jossey-Bass, New York, 1997;
(b) E. Gallei, E. Schwab, Catal. Today 51 (1999) 535.

[2] S. Schimpf, M. Lucas, C. Mohr, U. Rodemerk, A. Brückner, J. Rad-
nik, H. Hofmeister, P. Claus, Catal. Today 72 (2002) 63, and refer-
ences therein.

[3] (a) M. Haruta, CATTECH 6 (2002) 102, and references therein ;
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