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Abstract

Noble metal nanoclusters stabilised Iy N-dimethylacrylamide-based soluble cross-linked polymers (microgels) have been prepared anc
tested as catalysts in the selective oxidation of secondary alcohols to the corresponding carbonyl compounds with molecular oxygen in watel
nanoclusters turned out to be superior catalysts compared with nanoclusters of other noble metals, such as Pt or Au; they are efficient (TOF
70 h~1) and easily recoverable by simple extraction of the reaction product from the agueous phase.
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1. Introduction presence of a stabiliser able to interact with the metal. The sta-
biliser prevents agglomeration and controls the growth of the
The current surge of interest for the applications of nanometal nanoparticles to a definite, possibly predetermined, size
sized matter (nanotechnology) has generated a strong impula@d shapgl—4]. Various methods for generating the metal atom
toward the development of methods for the controlled preparaprecursors have been proposed in the literature, as have various
tion of nanoscopic building blocks composed of various matestabilizers, including solvent molecules, ion pairs, surfactants,
rials [1]. In particular, much success has been achieved in thigands, dendrimers, polymers, and polymer assemfilied,
synthesis of metal nanoparticlg, to the point where some of 6]. The resulting stabilised metal nanoclusters dispersed in so-
these particles have become commercially avail@@le The  |ution can be used as catalysts as such or subsequently heteroge-
availability of such synthetic methods has in turn promotechised on solid supports by different means (e.g., surface adsorp-
extensive studies on the possible applications of these matetion, covalent anchoring, embedding by sol-gel technigirés)
als, including their catalytic applicatio@]. Size- and shape- e [8] and otherg9,10] have recently introduced micro-
controlled metal nanoparticles (“‘metal nanoclusters”) are inyels as stabilisers for metal nanoclusters. Microggld are
fact expected to exhibit superior catalytic performance over ranhanoscopic objects in themselves, in that they are cross-linked,
domly sized and shaped patrticles, at least for certain reaction§|obu|ar_shaped macromoleculesl10® nm in size. Such
A powerful demonstration of this principle is the recently de-macromolecules can be prepared by slight modification of stan-
veloped process for CO oxidation by gold nanoclusters, whergard polymerisation techniques and resemble in their structure
the best catalytic activities are achieved with nanoparticles ofnqd behaviour soluble cross-linked biological macromolecules,
around 3 nn{5]. such as proteins. Microgels build up low-viscosity, stable solu-
The most commonly used synthetic strategy for the contions in appropriate solvents and can be easily isolated there-
trolled preparation of metal nanoclusters is arguably their genyom by precipitation, ultracentrifugation, or ultrafiltration. Re-
eration in solution, starting from metal atom precursors in thénarkably, they can be tailored to bear chemical functionalities
able to interact with metal ions or complexes, which are sub-
" Corresponding author. Fax: +39 049 8275223, sequently reduced inside the microgel to yield metal nanoclus-
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Microgel-stabilised, size-controlled metal nanoclusters haveable 1
recently found promising applications in fields ranging from Composition of the functionalised microgels employed in this Work

catalysis to drug delivery and materials scief@elQ]. In par-  Microgel DMAA EDMA DMAEMA
ticular, we have previously demonstrated their usefulness as (mol%) (mol%) (mol%)
catalysts in C—C coupling reactions, such as Heck and Suzukis 85 5 10
couplings[8b,8c] We have now extended the application of M7.5 82.5 75 10
microgel-stabilised metal nanoclusters to the catalysis of th& 10 80 10 10

; o 10b 40 10 50
selective oxidation of secondary alcohols to the corresponcﬁ—ﬂzo 70 20 10

ing carbonyl compounds with molecular oxygen in wdiet].
We were prompted to study this reaction by a recent repor
of Uozumi and Nakao claiming high catalytic activity of Pd
colloids dispersed in an amphiphilic insoluble polymer sup-

port [13]. Apparently, using an amphiphilic support helped was concentrated to about half of the original volume, and the

overcome the most serious drawback of this reaction, the low S - .
nanocluster-containing microgel was subsequently precipitated

water solubility of many alcohol substrates. The support wa ; A . :
supposed to preferentially absorb the alcohol substrate, ther%e)y pouring the solution in the fivefold volume of diethylether

L . . o tunder efficient stirring. Isolated yields were about 90% in all
upon achieving a relatively high substrate concentration in th%ases

microenvironment surrounding the polymer-supported, catalyt- '

ically active metal colloids. It is important to note that water i52.3. Preparation of microgel-stabilised Au nanoclusters
almost the only solvent currently deemed suitable for the indus-
trial application of this catalytic process, because it avoids the Microgel 10b (1 g;

hazards associated with the use of oxidisable organic soIvenE

under oxygen pressuf@2d]. We have argued that usingsal-  5qqeq and the resulting solution was stirred at room temper-

uble amphiphilic support, coupled with more stringent control 5¢,-a for 1 day. The solution quickly changed colour from

of the size and size distribution of the catalytically active metalpa|e yellow to dark purple. The solution was concentrated to

nanqclusters, should provide a catalyst with enhanced catalytiy o i+ half of the original volume and then poured in the five-
activity. fold volume of petroleum ether under efficient stirring. The

_ nanocluster-containing microgel separated as a viscous oil,
2. Experimental which was subsequently redissolved into the minimum amount

, of dichloromethane and precipitated from petroleum ether. The
Solvents and chemicals were of reagent grade and were usgg)|ated yield was 23% (not optimised).

as received, apart from the monomers for microgel synthesis,
use.

2 Polymerisation conditions: 3% w/w AIBN, 10% w/w monomer mixture in
yclopentanone, 80C, 48 h.

solution was stirred at room temperature for 1 day. The solution

Table 1) was dissolved in ethanol
80 mL) under an inert atmosphere. Then Ay (81 mg) was

Samples for transmission electron microscopy (TEM) mea-
2.1. Microgel preparation surements were prepared by placing a drop of a solution of
microgel-stabilised metal nanoclusters in dichloromethane on
Monomers were mixed in the desired ratidafle J in a 3 carbon-coated copper grid, followed by solvent evaporation
round-bottomed flask. The resulting mixtures (5 g) were dilutecht room temperature. TEM micrographs were taken at CIGS-
with cyclopentanone (45 g). Azobis(isobutyronitrile) (AIBN) uUniversity of Modena, Italy, with a JEOL 2010 microscope
(0.18 g, 3% w/w with respect to the monomer mixture) waswith GIF operating at an accelerating voltage of 200 KeV. Av-
then added. The resulting solution was degassed, put under Rirage metal nanocluster sizes and size distributions were com-

trogen, and placed for 48 h in a thermostatted oven preheated fited as the average of at least 100 particles taken from differ-
80°C. The polymerisation solution was concentrated to abougnt fields.

half of the original volume and subsequently poured in the five-

fold volume of diethylether under efficient stirring. The precip- 2.5. Catalytic tests

itated solid was filtered off and dried under vacuum to constant

weight. Isolated yields were about 80% in all cases. The catalytic tests were run in a three-necked, round-
bottomed flask equipped with a reflux condenser and a gas inlet.

2.2. Preparation of microgel-stabilised Pd or Pt nanoclusters Typical procedure: a solution of microgel-stabilised metal na-
noclusters (50 mg) in distilled water (4 mL) was placed in the

In the general procedure, microgel (1 g) was dissolved irflask. Then 1-phenylethanol (0.13 mL, 100 eq. with respect

dichloromethane (80 mL) under an inert atmosphere. Theto the metal) was added, and the apparatus was evacuated and

Pd(OAc) (50 mg) or PtCI(CH3CN), (78 mg) was added, flushed with dioxygen a couple of times, after which it was con-

and the resulting solution was stirred at room temperatur@ected to a dioxygen-filled balloon. The reaction was started by

overnight. Subsequently, NaHBE(2.2 mL 1 M solution in  placing the flask into an oil bath preheated to 1GGand initiat-

THF, 10 eq. with respect to metal) was added, and the resultinigpg efficient magnetic stirring. After the given reaction time, the
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reaction solution was transferred into a separation funnel andasily reducible metal centef$4]. The obtained powders can
extracted with two 2-mL portions of diethylether. The organicbe stored and readily redispersed in good solvents for the mi-
layers were combined, and their content in reactant and prodrogel stabiliser. The resulting solutions were clear and turned
uct was determined by gas chromatography (GC). GC yieldsut to be stable for months without any observable precipitation
were occasionally confirmed by evaporating the organic layersf metal.

to dryness and determining the yield and purity of the reaction The average size and size distribution of the microgel-
product gravimetrically and byH nuclear magnetic resonance. stabilised metal nanoclusters were investigated by TEM; the
The aqueous phase containing the catalyst was used directly f8sults are reported ifable 2 Some typical TEM micrographs
another reaction cycle after extraction by pouring it back in theare shown inFig. 1. TEM analysis revealed, at variance with

reaction flask and adding fresh reagent. other sets of metal nanoclusters stabilised by microgels of a
_ _ more lipophilic naturg8b], very limited dependence of metal
3. Resultsand discussion nanocluster size on the cross-linking degree of the microgel.

. ) ) A small decrease in size with increasing cross-linking degree
We prepared a series of microgels basedNoR-dimethyl-  \yas still observed in Pd, whereas such a dependence virtually
acrylamide (DMAA) with varying cross-linking degree and gisappeared in Pt. Furthermore, the uncontrolled, spontaneous
content of functional comonomer, following our synthetic pro- .4y ction leading to Au nanoclusters yielded, as expei@ad
cedure described previousfc]. Microgels were prepared gp) mych larger nanoparticles than with Pd and Pt. We have
from DMAA as the main comonomer, ethylene dimethacry-yery recently been able to overcome this problem by changing

late (EDMA) as the cross-linker, anN,N—t_jimethyIamino_- the nature of the functional monomer in the microgels; the re-
ethylmethacrylate (DMAEMA) as the functional, metal-bind- (Ijated results will be reported in due course

'tﬂg corlnonor_nelt’: The co drT:p osition of thetmgrglmir mixtures and - ry,q catalytic tests were initially run under the reaction con-
eT%c;yr?iirrlsaelgngngl dl Ik?gscgﬁ\e/erzi?eor:tf isolzte d by preci ditions originally reported by Uozumi and Nakao (water; neu-
9 y Y Precip= o) pH; 100°C; 1 bar Q; 1 mol% catalyst) with 1-phenyl-

|tat|0_n as Wh'te powders an_d readily re_dlsper_sed n Watecrathanol as poorly water-soluble standard substrate. The cat-
and in many different organic solvents, including alcohols,

dialkylamides, nitriles, dichloromethane, acetone, and TH flytt'ﬁ a;:uw:ydet?rmlped agt(;archreacEFoBltlme andfnorr(rj]:ihsed
The microgels were loaded with palladium(ll), platinum(ll), l;)r Ie ratc_ |%no sgr atcef th alg(;ﬁsS]( all ie)was (Iaun ?j .
or gold(lll) by letting them react with Pd(OAg) with PtCh € aimost independent of the nangcluster sample used (i.e.,

(CHsCN), in dichloromethane, or with AuGlin ethanol[8b independent of the nanocluster size and of the cross-linking

8c]. The reaction was carried out with 0.25 eq. of metal precurd€9ree of the microgel) and equal to about 70 tThe Pd-

sor with respect to the available amino groups in the microgel?atalysed oxidation reaction reaches completion after 6 h in all
except for microgeM 10b, which because of its high number

of amino groups had a scaled-down amount (0.05 eq.) of metdpble 2

precursor. Consequently the total metal content in the Variougverage size and size distribution of microgel-stabilised metal nanocluster

microgels was set to 2.4% w/w for Pd and 4.2% w/w for Pt andSample Size (nm)
Au. M5-Pd 284+0.8
Reduction of the microgel-bound Pd and Pt precursors witt7.5-Pd 23+07
NaHBE% yielded solutions of microgel-stabilised metal nano—mg:gd ;gig'g
clusters, which could be easily precipitated from the reactioero_,;d 20406
mixture. The reduction step was not necessary for gold, becausgs.pt 18405
the microgel-anchored gold(l1l) underwent spontaneous reduav 7.5-Pt 19406
tion under ambient conditions; in this case, the actual reducindy 10-Pt 17+05
agents are probably the polymer-bound trialkylamino group%igizu igig‘ﬁ

themselves, which are known to act similarly toward other, less

Fig. 1. Representative TEM micrographs of microgel-stabilised metal nanocluster; from left tavtigiitd, M 5-Pt, M 10b-Au.
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100 -
Table 3
Oxidation of 1-phenylethanol with dioxygen in water catalysed by microgel- 80 |
stabilised metal nanoclustérs -
, , b & 60 A
Catalyst Time (h) Yield (%) TOF (h™) >
M5-Pd 2 56 70 2 40+
6 100
M7.5-Pd 2 49 52 201
2 2 Cycle | Cycle Il Cycle llI
M10-Pd 2 84 78 Y Y Y
M10b-Pd g 132 75 Fig. 2. Recycling of Pd nanoclusters stabilised by micrdg@I5; reaction con-
: 6 100 ditions: water, neutral pH, 100C, 1 bar Q, 5 h, 1-phenylethanol as substrate.
M20-Pd 2 82 77 ] ] o ) o
6 100 with very high efficiencied18]. We are currently aiming to
MS-Pt 24 12 n.d. obtain smaller Au nanoclusters and test them in these reac-
M 10b-Au 24 13 n.d. tions
24 36! :

After reaction, the product can be quantitatively extracted

% Reaction conditions: neutral pH, 160G, 1 bar @, 1 mol% catalyst. from the reaction mixture with diethylether, whereas the cat-

b TOF after 2 h of reaction, normalised for the fraction of exposed surface P

atoms, sel5]. alyst remains quantitatively (as judged by ICP-AAS analysis
s Reaction run under 1 bar of air. of the extract) in the aqueous phase, which can be directly re-
Reaction performed at pH 9.9. cycled. We investigated the variations in catalytic performance

of one microgel-stabilised Pd catalyst (prepared from microgel
cases (not optimised). Thus, the catalytic productivity of our Pdy7.5) over three reaction cycles of 5 h each. We observed only
nanocluster catalysts is significantly superior to that of Uozump small drop in the reaction yield in the second cycle, and a
and Nakao's catalygi.3], which needed 20 h at 2 mol% cata- more considerable drop in the third cycféd. 2).
lystloading to reach complete conversion. Compared with other  Thjs pehaviour most probably results from insufficient sta-
recently reported Pd metal catalysts for alcohol oxidations withjjity of the microgel-stabilised Pd nanoclusters under the re-
dioxygen in water, the productivity of our catalysts appears,ction conditions used. Indeed, a significant precipitation of Pd
to be higher than that of palladium nanoparticles entrappeg},q4) from the aqueous phase is observed in the third reaction

in aluminum hydroxide (90% yield after 6 h at 1 mol% cata- o, cje \We attempted to overcome this problem by decreasing
lyst loading)[16a], and slightly lower than that of palladium the reaction temperature, but had to realize that this also dra-

nanoparticles supported on hydroxyapatite99% yield after matically reduced the reaction rate; on going from 100 t&6@G0

24 h with 0.04% catalyst loading) 6b]. Remarkably, the reac- the normalized TOF after 2 h for Pd nanoclusters stabilised by

tion can be also run under 1 bar of air instead of pure oxygen,_.
. . AT icrogelM 7.5 dropped from 52 to 4.2 H-. We are currentl
although in this case the catalytic activity is low&able 3. crog PP u y

In contrast to the results obtained with Pd. microgel-'nvesugatmg the mechanisms leading to catalyst decomposition

stabilised Pt and Au nanoclusters exhibit a much lower proév ;hsizgiﬁlsrgrgf rationally improving the structure of the micro-

ductivity under the same reaction conditions, yielding only a The reactivity of some other poorlv water-soluble secondar
low amount of ketone even after 24 Taple 3. Of course, the Wity of s er poorly waler-soluble secc y
Icohols under these conditions was tested using microgel-

unsatisfactory performance of the Au nanoclusters may be &

least partially related to their large size. The productivity of theStabIIISGd ?d napoclusters prepared from mlgrmm. Unfor-
nately, aliphatic secondary alcohols exhibit much lower cat-

Au nanoclusters can be somewhat enhanced by running the rgf- e .
action at basic pH. It is in fact known that the reactivity of Au lySt productivity than the benzylic ones; 2-octanol and cyclo-

nanoparticles in selective oxidation reactions of this kind in-"€Xanol reach yields after 24 h of only 7 and 10%, respectively.
creases at basic pH7], although the reason for this behaviour This is not entirely surprising, however, because aliphatic alco-
remains obscure. Indeed, at pH 9.9, the activity of the Au nandlols are known to be much more demanding substrates for this
clusters increases significantly, although it is still much lowerkind of reaction whenever Pd metal catalysts are used, as can be
than that of Pd nanoclusters. Further enhancement of the pH giferred from the literature, including the results of Uozumi and
the reaction solution was not possible, due to the precipitatioflakao, which report similar productivities with these substrates
of catalyst caused by the increased microgel hydrophobicity ofPr their catalys{12a,13]
deprotonation of the polymer-bound amino gro{fd. In conclusion, we have shown that microgel-stabilised Pd
It is possible that even better catalytic productivity can benanoclusters are remarkably active catalysts for the aerobic oxi-
achieved with smaller Au nanoclusters. Indeed, very recentlgation of benzylic secondary alcohols in water. The nanocluster
the Corma group reported on 2-5 nm gold nanoclusters sugatalyst is readily separated from the reaction products and can
ported on nanocrystalline ceria; they took advantage of a colbe reused, albeit to a limited extent. Work currently in progress
laborative effect between metal and support to oxidize alcohols aimed at improving nanocluster reactivity with aliphatic al-
under solventless conditions as well as in water (at basic pHyohols, as well as nanocluster recyclability.
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