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Ligand-stabilized noble metal nanoclusters, pre-
pared by various chemical methods by different
research groups in Japan and Germany, were
characterized and examined by a common
method for application to the catalysis for
hydrogenation of olefins in homogeneous and
heterogeneous systems in the liquid phase. The
mean diameters of palladium, platinum, rho-

supported on charcoal depend strongly on the
covering strength of the stabilizer. Copyright
© 2001 John Wiley & Sons, Ltd.
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dium and Pd/Pt nanoclusters stabilized by
various ligands range from 1.3 to 3.2nm if

prepared by a single reaction, and from 2.2 to
4.0 nm if prepared by a stepwise growth method.
The Stokes radii of metal nanoclusters stabilized
by surfactants range from 1.7 to 2.1nm,

suggesting a thickness of the protective layer
from 1.1 to 1.4 nm, whereas those stabilized by
polymers give much larger values, suggesting the
formation of aggregates. The catalytic activities
of the metal nanoclusters, evaluated by hydro-
genation of 1,3-cyclooctadiene and methyl acry-
late, depend mainly upon the particle size, i.e.
the smaller the size, the higher the activity.

However, a strongly interacting ligand like

tetraoctylammonium halide and 1,10-phenan-
throline can disturb the hydrogenation. In

contrast, the activities of heterogeneous catalysts
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INTRODUCTION

Recently, much attention has been paid to nano-
particles as a building block of nanostructures and/
or nanotechnology.The terminology of ‘nanopar-
ticle’ could be based on the technological back-
ground. The term ‘cluster’ is used for an aggregate
of molecules or atoms with a precise structure. In
the case of metal particles, ‘metal cluster’ often
means the aggregate of metal atoms that contains
less than about ten metallic atoms, for example
[Nig(CO),]? . They are the subject for the usual

* Correspondence to: Naoki Toshima, Department of Materials organometallic chemistry. Recently, however, me-
\S(grigcicﬁn% nEchigﬁier\ip;r’nasﬁicehr}Cf%%@;?ﬂ? a‘:]f Tokyo in ta| clusters, that contain larger numbers of metal
Contrgct/grént sponsor:’ JapangSOCiety for the bror?mtion of Sciencgt(.)ms. than the. conventional one, have attracted
(ISPS). scientists’ attention. For example, Athas a size of
Contract/grant sponsor: Deutsche Forschungsgemeinschaft (DFGJL.4 nm in diameter. Some people use the terminol-
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ogy of ‘giant metal cluster’ for theseclustersin
order to distinguishit from the conventionallow
nuclearityorganometalliclustersin this paperwe
preferto usethe terminology ‘metal nanocluster’,
which meansa metal clusterof nanometescale.

Metal nanoclustergannotbe stabilizedwithout
stabilizers,which are usually organic ligands or
polymers, and more or less coordinateto metal
nanoclusterd. Thesestabilized noble-metalnano-
clustersare of greatinterestfor catalytic aJopIica—
tions, e.g. hydrogenatiorof doublebonds®** Many
researchgroupsare working on the preparationof
noble metal nanoclustersand their applicationto
catalysisS However, each research group has
preparedsimilar metal nanoclusterdy their own
preparationmethod,and appliedthemto different
reactions.So, peoplein generalcannotunderstand
which metal nanoclusterand which preparation
methodis the bestamongthoseproposed.

Fromthis backgroundthe presentauthors from
different researchgroups,starteda joint research
project supportedby the JapanSociety for the
Promotion of Scienceand DeutscheForschungs-
gemeinschatftin this project, individual members
have preparednoble metal nanoclustershy their
own favorite method. Then, all the nanocluster
samplesverecharacterizedby the samemethodby
asinglepersonramongthe membersandappliedto
the samereaction under the samereaction con-
ditions being measuredy a single personamong
the members.in this way we believethat a com-
plete comparisoncan be carried out among the
differenttypesof nanoclusterThe resultsarevery
interesting.Not only the clustersize, but also the
stabilizing ligand can have a large effect on the
catalyticactivities.

EXPERIMENTAL

Preparation of noble-metal
nanoclusters

Simultaneousalcohol-reduction method
PdCb + C,Hs0OH —
Pdhanociustert CHsCHO + 2HCI

H,PtCk + 2 Co,HsOH —
Ptnanocluster'i‘ 2 CHBCHO +6 HCI

RhCk + 1.5C,HsOH —
Rh']anoc|uster+ 1.5 CH3CHO+ 3 HCl

Copyright© 2001JohnWiley & Sons,Ltd.

Thegroupof Yamaguchusedanalcoholreduction
methodto preparenoble-metalnanoclustersn the
presenceof poly(N-vinyl-2-pyrrolidone) (PVP)®
The colloidal dispersions of the Pd/Pt (4/1)
bimetallic nanoclustersprotected by PVP were
prepared in the following way. Solutions of
hexachloroplatinic(lV)acid (0.13mmol in 500m|
of water) were preparedby dissolvingthe corre-
sponding crystalline material in water. Ethanol
solutionsof palladium(ll) chloride (0.53mmol in
500ml of ethanol) were prepared by stirring
dispersions of PdChL powder in ethanol. An
ethanol/water(1/1, v/v) solution, containing two
kinds of metalion and PVP (K-30, 73.4mg, MW
40000, 0.66mmol as a monomeric unit) as a
protectingpolymer,wasrefluxedat about90-95°C
for 3 h undernitrogen.Theamountof PVPusedfor
the presentpreparationis much smallerthan that
used in the previous reports® becausea lesser
amountof stabilizerwaspreferredfor the prepara-
tion of supportedtatalystsThecolloidal dispersion
of Pd/Pt bimetallic nanoclusters,thus prepared
(abbreviatedisPd/Pt—PVP)havea brownish-black
color andare sufficiently stable.

The colloidal dispersionsof the palladiumand
platinum monometallic nanoclusters(Pd—PVP-
Et(1/1) and Pt—PVP respectively)were prepared
by a similar methodin an ethanol/watei(1/1, v/v)
solution. Those of rhodium monometallic nano-
clusters(Rh—PVP)were preparedin ethanol.The
total amount of metals was always kept as
0.66mmolin 11 of the mixed solution.

Stepwisealcohol-reduction method

H,PdCl, + C,HsOH —
Pdhanoclustert CH3CHO + 4 HCI

The group of Ishikawa useda stepwisealcohol-
reduction method to prepare palladium nano-
clusterswith different size/ A 2.0mm H,PdCl,
aqueoussolution was preparedby mixing PdCh
(106.4mg, 0.6 mmol), 0.2 m HCI solution(6.0ml)
and distilled water (294ml). The mixtures of the
2.0mm H,PdCl, aqueous solution (80ml,
0.16mmol of Pd), water (400ml), 1-propanol
(320ml) and PVP (711mg, 6.4mmol asa mono-
meric unit) wererefluxedin a1 flaskfor 3 hin air
to synthesizethe PVP-stabilizedpalladium nano-
clusters(abbreviatechs Pd—PVP-P(2/3)).

In order to produce larger palladium nano-
clusters, mixtures of 2.0 mM H,PdCl, aqueous
solution (80 ml), water (560ml), ethanol(160ml)
andPVP (178 mg, 1.6 mmol asa monomericunit)
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were refluxed under similar conditions(Pd—PVP-
Et(1/4)). Sucha one-stepsynthesiss adequatdo
obtain palladium nanoclustersof 1.0 —3.0nm,
whereast is quite difficult to synthesizepalladium
nanoclusterslarger than 3.0nm. So, the mono-
dispersedPVP-stabilizedpalladium nanoclusters,
synthesizedn a one-stepreaction, were usedas
seedsfor stepwisegrowth to obtain nanoclusters
larger than 3.0nm without significant changein
size distribution. The Pd-PVP-Et(1/4) nano-
clusters,having a meandiameterof 2.53nm with
narrow size distribution (0 =0.400 nm), were
employedas starting seedsfor stepwisegrowth.
The secondgrowth of PVP-stabilizedpalladium
nanoclusterswvas carried out by mixing 0.2mm
colloidal dispersionof Pd—PVP-Et(1/4Y400ml)
with 0.2mm H,PdCl, in anethanol/wate(1/4,v/v)
solution (400ml), followed by refluxing the
mixture for 3h (Pd-PVP-Et(1/4). The third
growth was conductedin a similar manner(Pd—
PVP-Et(1/4)3). The synthesizedsamples were
precipitated by addition of a large amount of
diethyl ether, followed by filtering, drying under
vacuum at 80°C, and then crushingthem in a
mortarand pestle.

The concentrationof palladiumin a seriesof
PVP-stabilizedpalladiumnanoclustersvere deter-
mined by elemental analysis. From elemental
analysis,the palladiumcontentswere estimatedo
be 3.43wt%, 12.1wt%, 22.2 wt%, and 42.0 wt%
for Pd-PVP-Pr(2/3) Pd—PVP-Et(1/4)Pd—PVP-
Et(1/4)2,and Pd—PVP-Et(1/4)3espectively.

Triorganoborate-reduction method

The group of Milheim usedtriethylhydroborate,
BEtsH, asareductanfor preparatiorof palladium,

platinum and rhodium nanoclustersstabilized by

surfactantslike 3-(dimethyldodecylammaa)pro-

panesulfonatd DDAPS) and tetraoct)élammonium
chloride (TOAC) or bromide(TOAB).

Pd-DDAPS
PACh 4 2[(Ci2H25) (CHg)2N—(CH,)3—S0sLi| "

BEH] ™% Pehanociustert 2[(C12Hzs) (CH)2

N+—(CH2>3_SC§] + 2LIiCl +2BEts + H, 7

A suspensionof PdCL (0.177g, 1mmol) and
DDAPS (0.67g, 2 mmol) in THF wasreducedby
addingdropwisea solutionof 1.56 M LiBEtsH in
THF (0.9ml, 1.4mmol) over 16h at room
temperature(rt). After adding 2ml of absolute
acetone the reactionmixture was stirred for 1h.
The suspensionf thegray—brownpowdersn THF

Copyright© 2001JohnWiley & Sons,Ltd.

was allowed to settle over several hours. The
supernatansolutionwasremovedand,afterdrying
thegraypowderin vacuum(0.1Pa)atrt, thewater-
solublepalladiumnanoclustersvereisolated.

Pd-TOAC:
THF
PdCIz +2 N(C8H17)4BEt3H B Pdﬂanocluster
+2 N(C8H17)4C| + 2BEt; +Hy 1

A 0.258Mm N(C8H17)4BEt3H in THF (36 mL) was
added within 16h at rt to a vigorously stirred
suspensiorof PdCL (0.830g, 4.7mmol) in THF
(150ml). To theresultingblack—brownpalladium-
organosol,5ml of acetonewere addedand the
solutionwasstirredfor 30 min to quenchanexcess
reductant. This organosolwas either supported
directly on a carrier or worked up to increasethe
metalcontentof the ligand-stabilizechanoclusters.
For the work-up the volatile compoundswere
removedin vacuumat rt anddriedin vacuum(0.1
Pa)for 16 h. Thenthe waxy red—blackresiduewas
dissolvedn 10 ml of diethyl etherandstirredin air
for 2h. Addition of 100ml of ethanolcausedthe
formation of a grayishprecipitate.The precipitate
wasallowedto settledownfor severahoursbefore
the supernatantsolution was removed with a
pipette.Drying in vacuo(0.1 Pa,rt, 16 h) yielded
a black waxy powderwith a metal contentof 32
wit% palladium,provedto be redispersiblén THF.

Pt-DDAPS

PtChb + 2 [(C12H25) (CH3)2N_(CH2)3_SQ:,LI ]+

_ THF
[BEt3H] — Ptanoclustert 2[(C12H25)(CH3)2
N*—(CHp)3—S03]~ + 2LIiCl + 2BEts + Hp |

A suspensiorof DDAPS (14.0g, 41.7mmol) in
THF (300ml) wastreatedby ultrasonicirradiation
for 10min and a solution of LiBEtsH (4.38g,
41.35mmol) in THF (19ml) was addeddropwise
understirring at 20 °C. The resultingclearsolution
was added to a suspensionof PtCL (5.5q,
20.67mmol) in THF (300ml) at rt in 24h. The
resultingblack reactionmixtureswerestirredfor a
further10h atrt. Then10ml of acetonevasadded.
The precipitatewasallowedto settlefor 1 h before
the clear supernatantsolution was removed by
applying pressureusing inert gas on the liquid
surface. This procedure was repeatedand the
black—brownresiduewas dried at rt and 0.1 Pa
for 1 h. The product (17.0 g) proved soluble in
water and ethanol, but insoluble in acetonitrile
(cold), THF, toluene,ether,acetoneand pentane.
Thereafter,the residuewas dissolvedin 45ml of
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Figure 1 Chemicalstructuresof the stabilizersusedin the
presentstudy.

waterby treatingwith ultrasoundandthenaddition
of 110ml of acetonitrileto the solutioncausedhe
formationof a dark grayish-browrprecipitate.The
precipitatewasallowedto settlefor 16 h andaclear
supernatantsolution was removed by applying
pressureusing inert gas on the liquid surface.
Drying in vacuum(0.1 Pa,rt, 3 h) yielded a gray
colloidal powder(5.3 g), which provedto be very
solublein water and ethanol.Metal content:61.6
wit% platinum.

Pt—(DDAPS)p 0.25mmol of H,PtCls;-6H,0 and
the polysoapDDAPS-p (0.5mmol, seeFig. 1 for
the chemical structure) were dissolved or sus-
pendedin 15ml of wateranda solutionof LiBH 4
(1.5mmol) wasaddeddropwiseat a slow speedto
prevent foaming. After 60min at 20°C a clear
brownish-blacksolution resulted,and water was
removedby freezedrying. The polysoap-stabilized
platinum nanoclusterswere obtained as black
solids, which were stable against atmospheric
oxygen. They were hygroscopic and contained
9.15wt% platinum.

Pt-TOAB:

PtBry + 4N(C8H17)4BEt3H
— Phanoclustert 4 |\|(C8H17)4Br +4BEt; +2H, 1

Copyright© 2001JohnWiley & Sons,Ltd.

Under argon a solution of N(CgH17)4BEtsH] in

THF (211ml, 0.19 M) was addedwithin 16h at
20°C to a stirred solution of anhydrousPtBr,
(5.15g, 20mmol) in THF (650ml). Theclear,dark
black—brownsolution was concentratedn vacuo,
and the resulting black—brown,waxy residuewas
driedfor 16h atrt at 0.1 Pa.The product(23.49),

consistingof 8.1 wt% platinum,is solublein THF,

ether tolueneandacetoneputinsolublein ethanol.
The residuewas suspendedn 20ml of technical
quality etherin air. Addition of 400ml of technical
quality ethanolinducedthe formation of a gray—
black precipitate.The suspensiorwas allowed to
standfor 16h, before removing the clear super-
natant solution by argon pressureon the liquid

surface After drying in vacuum(0.1Pa,16h, rt) a
gray platinum nanoclustepowder (3.1 g) consist-
ing of 61.2wt% platinum was isolated,which is

very solublein THF.

Rh-DDAPS

RhC|3 +3 [(C12H25)(CHg)sz(CHz)gfng,Li ]+

_ THF
[BEtSH] — Rl"nanocluster‘l‘ 3[(C12H25)(CH3)2
N—(CH,);—S0s]” + 3LICl + 3BEt; + 1.5H,

A suspensiornf DDAPS (9.86g, 29.4mmol) in
THF (300ml) wastreatedfor 10 min by ultrasonic
irradiation and a solution of LiBEtsH (3.25g,
30.78mmol) in THF (19ml) was addeddropwise
understirring at 20 °C. Theresultingclearsolution
was added to a suspensionof RhCk (2.05g,
9.7mmol) in THF (300ml) at 65°C in 28h. The
resulting black reactionmixture was stirred for a
further 2h at 65°C and, after cooling at 20°C,
10ml of acetonewas added.The precipitatewas
allowed to settlefor 16h beforethe clear super-
natantsolutionwasremovedby applying pressure
usinginertgasontheliquid surface This procedure
was repeatedand the black—brown residue was
dried at 20°C and 0.1 Pa for 1h. The product
(11.21g) provedsolublein waterand ethanol,but
insolublein acetonitrile(cold), THF, toluene ether,
acetone,and pentane,and contained 7.09 wt%
rhodium. Thereafter the residuewas dissolvedin
14 ml of waterandadditionof 30 ml of acetonitrile
causedthe formation of a dark grayish—brown
precipitate Theprecipitatewasallowedto settlefor
16h and the solution was heatedto 80°C for
10min before the clear supernatansolution was
removedby applyingpressuraisinginertgasonthe
liquid surface.Drying in vacuum(0.1 Pa,20°C, 3
h) yielded a gray nanoclusterpowder (3.98 g),
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which proved to be very soluble in water and
ethanol.Metal content:25.21wt% rhodium.

Rh-TOAB:

RhCI3 +3 N(C8H17)4 BEt3H — Rhnanocluster
+3 N(C8H17)4 Br +3BEt; + 1.5H,

A solution of RhCk-3H,0 (2.369g, 8.997mmol)
and N(CgH17)4Br (14.72g, 26.92mmol) in THF
(150ml) wasevaporatedhreetimesin vacuumto
removethewater(infrared-control)4.741g (2.563
mmol) of thedark-reddried Rh[N(CgH17)4]2Br>Cls
were dissolvedin 600ml of THF. A solution of
of THF was addeddropwise to this solution at
55°C in 24h. The black—browncolloidal disper-
sionwasstirredat rt for 16 h. Acetone(5ml) was
addedandthe reactionmixture wasstirredfor 2 h.
The solventwasevaporatedt 40 °C andthe nano-
clusterswere dried at 40°C and 0.1 Pafor 16h,
yielding 8.32g of black—brown rhodium nano-
clusterswhichareverysolublein THF, tolueneand
acetone.

3-Methylbutanol-reduction method

PdOCOCH), + (CH3),CH—CH,—CH,—OH
h
e Pdhanosiustert (CHg)2CHCH,CHO

+2CH;COOH

The group of Essenused 3-methylbutanolas a
reductant and 1,10-phenanthroling(phen) as a
stabilizer to synthesizepalladium nanoclusters.
Palladiumacetate(300mg, 1.29mmol) and 1,10-
phenanthrolind29 mg, 0.16mmol) weredissolved
in 3-methylbutanol(80ml) and heatedto 60°C
undernitrogenwith stirring. After 3 daysa fourfold
amountof petroleumetherwasaddedandtheblack
suspensiogentrifugedor 30 min at5000rpm. The
colorlesssolutionwasseparate@ndtheblacksolid
dried under vacuum.The yield was quantitative.
Elementalanalysesshowedthe structureof palla-
dium nanoclustersis[Pds(O)(phen)] .

Preparation of supported palladium
catalysts

2 to 4 g of activatedcarbon(PCT/EP92/00d to H.
BonnemannW. Brijoux, R. Brinkmann,E. Dinjus,
R. Fretzen, and B. Korall, Studiengesellsctita
Kohle GmbH.) were suspendedn about50ml of
absoluteTHF, and an appropriateamountof the
palladiumcolloid, dissolvedor suspendeih THF,
was addedthereto. The mixture was stirred over-

Copyright© 2001JohnWiley & Sons,Ltd.

night, followed by filtration overa D4-frit from the

absolutelycolorlessmetal-freesolution. The acti-

vated carbon coveredwith the palladium colloid

wasdriedfor 16 h atrt underhighvacuum(0.1Pa),
whereafterabout 10% of the solvent remained
absorbed.Thus, the palladium contents can be

adjustedto about5%.

Measurement of the size of
nanoclusters

The metal nanoclusters employed here were
characterizedy Dr Teranishiat Ishikawaby trans-
missionelectronmicroscopy(TEM) at 125kV on
an Hitachi H-7100 electronmicroscopeand high-
resolutionTEM (HRTEM) at 300kV onanHitachi
H-9000NAR. Sampledor TEM were preparecby
placinga drop of the colloidal dispersionof metal
nanoclustersonto a carbon-coatedcopper grid,
followed by naturallyevaporatinghe solvent.The
meandiameterand standarddeviationwere calcu-
lated by counting200 particleswith a magnifying
glass from the TEM image at 400000
xmagnification. The crystallinity of the metal
nanoclusterswas observed by high resolution
TEM (HRTEM).

Measurement of diffusion
coefficients

The diffusion coefficients were measuredand
calculatedat Okayamausing a Taylor dispersion
method!®** In this method, a small amount of

solutionis injectedinto a solventflowing througha
capillary tube. As a result of a combination of

molecular diffusion and convection,the solute is

dispersedalong the tube. By suitable choicesof

experimentaktonditionsthe heightE of the disper-
sion peak at the detectionpoint at time t can be
expressedby

E(t) = (tr/t)Y*Emaxlexp{—12D(t — tg)?/r?t}]

(1)
wheretg is the residencetime, r is the capillary
radius,andD is the diffusion coefficient.A Teflon
tube was usedas a capillary; this was 0.5mm in
inner diameter,20 m in length, coiled in a 35cm
circle, and was placedin a water bath thermo-
statically controlled at 25.00+ 0.02°C. Solute
concentrationswere detectedby a spectrophoto-
metricdetecto(Waters490)atawavelengtiof 400

or 500nm. Output signalsfrom the detectorwere
transferred to a personal computer and were
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analyzed using data analysis software (Origin,
Microcal Software,Inc.). Other details have been
describedelsewheré?

Hydrogenation in homogeneous

systems

CH, = CHCOOCH, +H, _ -  CH,-CH,-COOCH,

The catalytic activities of the given metal nano-
clustersin a homogeneousystemwere measured
by Dr Shiraishiof Yamaguchifor the hydrogena-
tion of 1,3-cyclooctadiene(COD) and methyl
acrylate(MA) in thefollowing way.

The ethanol dispersionsof metal nanoclusters
(0.3ml, 2.0 x 10~*mmol of metal)and18.7ml of
ethanolwere addedinto a flask, the atmospheref
which was previously replacedwith hydrogenat
atmospheripressureThe mixtureswerestirredfor
2h at 30°C to activatethe catalyst.Then,to these
mixtures, an ethanol solution (1 ml) containing
0.5mmol of either 1,3-cyclooctadieneor methyl
acrylatewasadded keepingthe total pressureat 1
atm. The progressof hydrogenatiorwas followed
by a hydrogenuptakeunderatmospherigressure.

Hydrogenation in a heterogeneous
system (cinnamic acid test)

CeHs—CH—=CH—COOH+ H,
— CeHs—CH,—CH,—COOH

The palladiumcatalyst10.2226g wasweighedinto
a100ml droppingfunnel. Thedroppingfunnelwas
placedontothe reactorandthe completeapparatus
was evacuatedseveral times and refilled with
hydrogen.The catalystin the droppingfunnelwas
subsequenthguspendedh 20ml of ethanol(equi-
libratedat 25 °C) andtransferrednto thereactor A
solution(80ml) of cinnamicacid (1259, 0.84mol)
perliter of ethanol(alsoequilibratedat 25 °C) was
then pipettedinto the funnel and droppedinto the
reactor. Afterwards the funnel was rinsed with
20ml of ethanol. The catalyst suspensionwas
equilibratedwith hydrogenat 25.0+ 0.2°C. While
the reactorwas being charged,it was constantly
being flushedwith hydrogen.The self-aspirating
hollow stirrerwasnotyetin use.After the pressure
equilibratedtheline to the 1| precisiongasburette

Copyright© 2001JohnWiley & Sons,Ltd.

(mercury-sealed;oupledto arecorder)wvasopened
andthecatalystsuspensiomwasstirredwith aspeed
of 2000 rpm. The hydrogen consumptionwas
registerecbvera periodof 6 min, wherebythe first

minutewasnot utilized in the evaluation Between
the secondand sixth minutes, a hydrogen con-
sumption of 347.0ml was measuredfor Pd-
DDAPS on C catalyst (run 1), for example.
Conversiorto normalconditionsgivesa consump-
tion of 1.063ml s 1. Fromthis, afterconsideringa

10%contentof solventin thecatalystanactivity of

0.506mol-H, mol-Pd* s™* (= 30.36mol-H, mol-

Pd * min~%) canbe calculated.

RESULTS AND DISCUSSION

Preparation of various ligand-
stabilized metal nanoclusters

Variousligand-stabilizedhoble-metaihanoclusters
were prepared by chemical methods from the
correspondingmetal ions at different research
groupsin Japanand Germany Alcoholswereused
as a reductantby the groupsof Yamaguchiand
Ishikawa. The Yamaguchigroup useda one-step
simultaneouseductionmethod,whereasthe Ishi-
kawa group useda stepwisereductionmethodto
preparghenanoclustersvith ratherdargesizes.The
groupat Milhelm a. d. Ruhrusedlithium trialkyl-
hydroboratesas a reductantwhereasthe group at
Esserused3-methylbutanoin thepresentase All
themetalnanoclustersisedin the presenpaperare
summarizedn Table 1 with the abbreviationsThe
chemicalstructuresof the stabilizersusedhereare
illustratedin Fig. 1.

TEM observation of various metal
nanoclusters

Figure 2 showsthe TEM photographsand size
distributions of Pd-PVP-Et(1/1),Pt-PVP, Rh—
PVP, and Pd/Pt—-PVPnanoclustersThese nano-
clusters have similar sizes with mean diameters
2.5-3.0nm and containthe five-shell clustersas a
mainproduct.However thesizedistributionsof the
Pd-PVP-Et(1/1)and Pt—PVP nanoclustersare
slightly wide (o > 0.50 nm), comparedwith the
Rh—PVP and Pd/Pt—PVPnanoclusters(c < 0.40
nm). Aggregationis observedfor Rh—PVPnano-
clusters,asshownin Fig. 2c.

TEM photographsand size distributionsof Pt—
(DDAPS)p, Pt—-DDAPS, Rh—DDAPS, and Pd—
DDAPSarepresentedn Fig. 3. The Pt—(DDAPS)p
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Table 1 Preparatiorandabbreviationof noble-metalnanoclusters

Abbreviation Stabilizer(R)® Reductant Preparatiorsite
Pd—PVP-Et(1/1) PVP (1) EtOH/H,0 (1/1) Yamaguchi
Pd-DDAPS DDAPS(2) LiBEtsH Miilheim
Pd-phen phen(0.12) 3-Methylbutanol Essen
Pd—PVP-Pr(2/3) PVP (40) 1-PrOH/H,0 (2/3) Ishikawa
Pd-PVP-Et(1/4) PVP (10) EtOH/H,O (1/4) Ishikawa
Pd-PVP-Et(1/4)2 PVP (5) EtOH/H,0 (1/4) Ishikawa
Pd—PVP-Et(1/4)3 PVP (2.5) EtOH/H,0 (1/4) Ishikawa
Pd-TOAC TOAC (2) BEt;H™ Mulheim
Pd/Pt-PVP PVP (1) EtOH/H,O Yamaguchi
Pt—-PVP PVP (1) EtOH/H,O (1/1) Yamaguchi
Pt—-DDAPS DDAPS (2) LiBEtsH Milheim
Pt—(DDAPS)p DDAPS-p(2) LiBEtsH Mulheim
Pt—-TOAB TOAB (4) BEtH™ Miilheim
Rh-PVP PVP (1) EtOH/H,O (1/1) Yamaguchi
Rh—-DDAPS DDAPS (3) LiBEtsH Miilheim
Rh-TOAB TOAB (3) BEt;H™ Mulheim

@ R: mole ratio of monomericunit of polymerto metal.
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Figure 3 TEM photographof (a) Pt—(DDAPS)p,(b) Pt—-DDAPS,(c) Rh—-DDAPS,and (d) Pd—-DDAPSnanoclustersand size

distributionsestimatedrom the photographs.

nanoclusterdiaveboth a meandiameteranda size
distribution similar to Pt—PVP,and showaggrega-
tions of ca 15.0nm in size.On the otherhand,the
Pt—DDAPShanoclusterareobservecassmalland
isolatedparticlesof 1.61nmin meandiametemith
a narrowsize distribution. The Rh—DDAPSnhano-
clustersof 2.0nm showmonodispersitybut severe
aggregatioroccursas observedn Rh—PVPnano-
clusters. The size distribution of Pd-DDAPS
nanoclustergs the widest of all the nanoclusters
employedin this research.

The palladium nanoclustersstabilized by 1,10-
phenanthrolingphen)and oxygenare 2.63nm in
sizewith a slightly wide distribution, as shownin
Fig. 4.

The TEM photographsand size distributionsof
Pd-PVP-Pr(2/3), Pd—PVP-Et(1/4), Pd—PVP-Et
(1/4)2,and Pd—PVP-Et(1/4)&re shownin Fig. 5.
The Pd—PVP-Pr(2/3pnd Pd—PVP-Et(1/4)nano-
clustershavemeandiameterof 2.19nm (o = 0.493

Copyright© 2001JohnWiley & Sons,Ltd.

nm) and2.53nm (o = 0.400nm) respectively(Fig.
5aand5b). Thegeneratiorof Pd—PVP—Pr(2/3)ith
a smallersize than Pd—PVP-Et(1/1vas achieved
both by the useof a larger amountof protective
polymer (PVP), and by a faster reduction of
[PACL]? to Pod with 1-propanol resultingin the
formation of a larger numberof nuclei. The Pd—
PVP-Et(1/4)2and Pd—PVP-Et(1/4)3anoclusters
were obtained by the stepwisereaction starting
from Pd—-PVP—Et(1/4)As shownin Fig. 5c andd,
the nanoclustersre clearly growing with increas-
ing numberof reaction steps,indicating that the
nanoclustersin the solution serve as nuclei for
larger ones. The diameterd of nanoclustersob-
tained by a stepwisereaction can be calculated
usingEqn[2]:*?

3N + Nm
Nm

d=do (2)

Appl. Organometal Chem.2001;15: 178-196
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Figure 4 TEM photographof palladiumnanoclusterstabilizedby 1,10-phenanthrolinendoxygenandsizedistributionestimated

from the photograph.

whered, is the nanoclustediameterin the starting
solution, and n; and n,, are the quantitiesof the
ionic and metallic palladium respectively.In the
presentcasen; = n,, so Eqn[2] leadsto Eqn|3]:

d = /2do (3)

The meandiametersof a seriesof Pd—PVP-Et
(1/4) estimatedfrom the TEM photographsare
2.53nm, 3.03nm, and 4.01nm, whereasthose
calculated from Egn [3] are 2.53nm, 3.19nm,
and4.02nm respectively The experimentatesults
arein goodagreemenith thecalculatecbnesThe
original nanoclusterfiavea size distributionfrom

1.25 to 3.50nm. Assumingthat eachnanocluster
grows accordingto Eqn [3], the secondand third
nanoclustersre predictedto havea size distribu-
tion from 1.57to 4.47nmandfrom 1.98to 5.56nm
respectively. Those results are also in good
agreementvith the experimentalones,indicating
thatthesizedistributionof thestartingnanoclusters
greatlyinfluencesthat of the stepwise-synthesid
nanoclusters.

Fig. 6 showsTEM photographsof Rh—TOAB,
Pt—-TOAB and Pd-TOAC nanoclustersand their
size distributionsestimatedirom the photographs.
Theyarequitesmallin sizeandhaverathernarrow
sizedistributions.

Table 2 Meandiameter,standarddiviation, and crystalstructureof the variousnoble-metal

nanoclusters

Metal nanocluster Meandiameter(nm)  Standarddeviation(nm)  Crystalstructure
Pd—PVP-Et(1/1) 2.88 0.745 Singlecrystal
Pd-DDAPS 3.20 0.975 Singlecrystal
Pd—phen 2.63 0.646 Singlecrystal
Pd-PVP-Pr(2/3) 2.19 0.493 Singlecrystal
Pd—PVP-Et(1/4) 2.53 0.400 Singlecrystal
Pd-PVP-Et(1/4)2 3.03 0.488 Singlecrystal+ twin
Pd—PVP-Et(1/4)3 4.01 0.677 Singlecrystal+ twin
Pd-TOAC 2.06 1.360 Singlecrystal
Pd/Pt-PVP 2.63 0.380 Singlecrystal
Pt-PVP 2.81 0.514 Singlecrystal
Pt-DDPAS 1.61 0.435 Singlecrystal
Pt—(DDPAS)p 2.86 0.578 Singlecrystal
Pt-TOAB 1.33 0.260 Singlecrystal
Rh—PVP 2.58 0.399 Singlecrystal
Rh—-DDAPS 2.00 0.415 Singlecrystal
Rh-TOAB 1.44 0.388 Singlecrystal

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 5 TEM photographsf Pd—PVPnanoclustersynthesizedy a one-stepand a stepwisegrowth reactionand their size
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The meandiametersand standarddeviationsof
the metal nanoparticlesemployed here are sum-
marizedin Table2.

Crystal-structure of metal
nanoclusters

The crystal structure of the metal nanoclusters
employed in this study was investigated by
HRTEM. Figures7 to 10 presentHRTEM images
of metal nanoclusterswhich correspondto the
samplegivenin Figs2 to 5 respectivelyandTable
2 summarizegheir crystal structuresin Fig. 7 all
the metal-PVPnanoclustershow lattice images,
and the lattice spacingsof (111) planes,0.23nm,
arein goodagreementvith thoseof bulk palladium,
platinumandrhodium?® Thereforethe metal-PVP
nanoclustersare single crystals and have fcc
structuredike to bulk metals.Similar resultsfrom
the HRTEM observationsapply to the metal
nanoclustergprotectedby (DDAPS)p,DDAPS, or
phenandoxygen.They are concludedto be single
crystalsandhavefcc structuredike to bulk metals
(seeFigs 8 and 9). Both the Pd—PVP—-Pr(2/3and
Pd-PVP-Et(1/4) nanoclusters are also single
crystalswith fcc structureswhereaghe Pd—-PVP—
Et(1/4)2 and Pd-PVP-Et(1/4)3contain twinned
particles, in which two single crystals with fcc
structurecombinewith eachother(seeFig. 10).

Diffusion coefficients and stokes
radii

Metal nanoclustersstabilized by TOAB and
TOAC

Platinum and rhodium nanoclustersstabilized by
TOAB havesmalldiameterg1.44nmand1.33nm
respectively)with quite narrow size distributions,
as shown in Fig. 6. These nanoclusterscan be
dissolvedto a clear solutionin THF and toluene.
THF solutions of 0.02% (wt/vol) M-TOAB
(M =Rh or Pt) alsocontaining0%, 0.2%, and 3%
(wt/vol) TOAB were injectedinto THF solutions
containing 0%, 0.2% and 3% (wt/vol) TOAB
respectivelyln all caseghe concentratiorprofiles
after diffusion dispersion(dispersionpeaks)could
befit by Eqn[1] reasonablyvell, andtwo examples
are shownin Fig. 11. The diffusion coefficients
obtainedare listed in Table 3, togetherwith the
solvent viscosities 7, and the Stokesradius rs,
which werecalculatedusing

rs = kgT/(6mmD) (4)
wherekg is the Boltzmannconstantand T is the

Appl. OrganometalChem.2001;15: 178-196
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Figure 8 300kV HRTEM imagesof (a) Pt—(DDAPS)p(b) Pt-DDAPS,(c) Rh—-DDAPS,and(d) Pd—DDAPSnanoclusters.
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Figure 9 300kV HRTEM imagesof palladiumnanoclusters
stabilizedby 1,10-phenanthrolinand oxygen.

absolutetemperatureStokesradii showno depen-
dencyon the TOAB concentrationgither for Rh—
TOAB or Pt—-TOAB, which suggestghat TOAB
moleculesare tightly boundto the metalsand are
not dissociating.In the case of Rh—TOAB, by
subtractingthe metal core radius (d/2 =0.67 nm)
from the Stokesradius(rs = 2.1 nm), the thickness
of theprotectivelayeris calculatedo bel.4nm.As
is shownin Fig. 12, this thicknesscorresponddo

the uni-molecularthicknessof TOAB. In the case
of Pt—=TOAB,rs(1.8nm)andd/2 (0.72nm) give the
thickness of the protective layer to be 1.1nm.
Similar resultshavealreadybeenobservedby our
group for surfactant-stabilized metal nano-
clusterst?

In the caseof palladiumnanoclustergrotected
by TOAC, whena solutionwasinjectedinto THF,
tailed dispersionpeakswere obtained.The result
may suggesthat the protectingability of TOA™ is
not sostrongasin therhodiumandplatinumcases.
Figure 13 showsa dispersionpeak when a Pd-
TOAC solutionwasinjectedinto THF containing
0.2% TOAB. As seenin Fig. 13a,the agreement
betweenthe observedandthe fitted curvesis poor
whenfit with Eqn[1]. Whenthe peakis fit by atwo-
componenkequation

Et) = (tR/t)l/zEmax [Al eXp{—lle(t - tR)Z/I‘Zt}
+ A exp{—lZDz(t —tr)? /thH (5)
theagreemenbetweerobservedndfitted curvesis

good (Fig. 13b). The results were more or less
similar to this when solutionswere injected into

Figure 10 300kV HRTEM imagesof (a) Pd—PVP—Pr(2/3)b) Pd—PVP—Et(1/4)c) Pd—PVP-Et(1/4)2and(d) Pd—PVP-Et(1/4)3

nanoclusters.

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 11 Dispersion peaks for Rh—TOAB in THF at
298.15K. (a) 0.02%(wt/vol) Rh—TOAB solutionwasinjected
into THF. (b) 0.02%(wt/vol) Rh—TOAB solutionalsocontain-
ing 3% (wt/vol) TOAB wasinjectedinto 3% (wt/vol) TOAB
solution.

THF containingl.0%TOAB. TheD, andD, values
and the correspondingStokesradii are listed in
Table3.

Stokesradii, 0.92 and 1.02nm, calculatedfrom
fastercomponentf the diffusion coefficientsare
smaller than the size of TOA" ion. The TEM
photograph for Pd-TOAC (Fig. 6) shows the
existenceof particlesof 0.4 (29 %) and 0.5nm
(18.5%) diameter.Whenthesesmall particlesare
protectedoy TOA™ ions, it is likely thatthereare
vacantspacedetweerthe TOA" ions. Thismaybe

Figure 12 Model of the metalcoreandthe protectivelayer.

the reasonfor the smaller Stokesradiusthan the
molecularsize of the TOA* ion. Stokesradii, 6.0
and5.0nm, calculatedfrom the slowercomponent
of thediffusion coefficientsarelargerthanthe sum
of themetalclusterradiusandthesizeof the TOA™
ion (2.1nm asmaximum,seeFig. 12). Theresults
may suggestthat there are some aggregated
particles.

Metal nanoclustersstabilized by PVP

In orderto measurehe diffusion coefficients,the
ethanol solutions of PVP-stabilizedmetal nano-
clusterswerepreparedatleasttwice independently,
andmorethanfour dispersiorpeakswereobtained

Table 3 Diffusion coefficientsandStokegadii for Rh—TOAB, Pt—-TOABandPd-TOACin THF solutionat 298.2K

Solutiorf Solvent nlcP D/101°m? st r</nm
Rh-TOAB THF 0.463 2.26° 2.09
Rh-TOAB 0.20%(wt/vol) TOAB in THF 0.464 2.2% 2.11
Rh-TOAB 3.0% (wt/vol) TOAB in THF 0.525 1.96+0.02 2.13+0.02
Pt—-TOAB THF 0.463 2.534+0.13 1.87+0.10
Pt—-TOAB 0.20%(wt/vol) TOAB in THF 0.464 2.81° 1.70
Pt—-TOAB 3.0% (wt/vol) TOAB in THF 0.525 2.224+0.10 1.884+0.08
Pd-TOAC 0.20%(wt/vol) TOAB in THF 0.464 5.11+0.271° 0.924+0.04
0.80+ 0.0 5.954+0.57
Pd-TOAC 1.0% (wt/vol) TOAB in THF 0.483 4444+ 0.15 1.02+0.03
0.90+ 0.0F 5.044+:0.17

& The solutionscontainedd.02% (wt/vol) colloids andthe sameconcentratiorof TOAB or TOAC asrespectivesolvents.

b Averagevalueof 2.21,2.29,and2.27.

¢ Averagevalueof 2.25,2.25,and2.20.

9 Averagevalueof 2.79and2.83.

¢ Thesevaluesare D, and D, valuesobtainedusing Eqn. [5].

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 13 Dispersionpeakfor Pd—TOACIn THF containing

0.2% (wt/vol) TOAB. Solid lines show the observedcurve,

dottedlines showthe fitted curvesby (a) a single-component
Gaussiarfunction (Eqn[1]) and(b) two-componenGaussian
function (Eqn [4]), andtwo dashedines showtwo calculated

contributionsof eachcomponent.

altogetherfor eachmetal nanocluster.The agree-
mentsbetweenobservedandfit curvesusing Eqn

[1] werereasonablyoodfor Pd—PVP-Pr(2/3Pd—
PVP-Et(1/4), Pd-PVP-Et(1/4)2,and Pd-PVP-
Et(1/4)3.An exampleis shownin Fig. 14 for Pd—
PVP-Pr(2/3). Diffusion coefficients calculated
using Egn [1] arelisted in Table 4 togetherwith

6
>
E 3 ~
~
€3]
0 b 4
240 360 430 600
t/ min

Figure 14 Dispersionpeakfor Pd—PVP—Pr(2/3)n ethanol.
Solid line showsthe observedcurve and dottedline showsthe
fit curveby a single-componenGaussiarfunction (Eqn[1]).

Copyright© 2001JohnWiley & Sons,Ltd.

Table 4 Diffusion coefficients and Stokes radii of
PVP-stabilizednetalnanoclustersn ethanolat 298.2K

Metal nanocluster D/10 m?s? rg/nm
Pd—-PVP-Pr(2/3) 3.12+0.18 6.48+ 0.39
Pd-PVP-Et(1/4)  3.25+025  6.24+0.48
Pd-PVP-Et(1/4)2 2.95+0.03 6.84+ 0.07
Pd-PVP-Et(1/4)3 2.56+002  7.88+ 0.06
Pd/Pt(4/1)-PVP 2.85+0.10 7.094+ 0.26
4.23+0.18 4.77+0.200
1.15+0.16 17.8+2.6°

& Theseare D, and D, valuesobtainedusing Eqn [5] andthe
correspondings values.

standarddeviations.The D valuesare one orderof
magnitudesmallerthanthosefor the rhodiumand
platinumnanoclustergrotectecby TOAB in THF.
Dispersionpeakfor Pd/Pt—PVRs shownin Fig. 15.
In this case,whenfit with Eqn [1], the agreement
betweenobservedand fit curveswas poor (Fig.
15a).TheD; andD, valuesarealsolistedin Table4
for this system.

Also listed in Table 4 are Stokesradii, which
were calculated using the viscosity of ethanol
(1.083cP). Comparisonof the rg valuesin Table
4 with radii obtainedby TEM shows that the
thicknessof the protective layer is surprisingly
large,i.e. 5—6nm for the five nanoclustersisingD

E/mV

Figure 15 Dispersionpeakfor Pd/Pt—PVPin ethanol.Solid
lines showthe observeccurve,dottedlines showthefit curves
by (a) a single-componenGaussiarfunction (Eqn[1]) and(b)
two-componentGaussianfunction (Eqn [4]), and the dashed
lined showsthe calculatedcontributionsof eachcomponent.
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valuesobtainedusing Eqn [1], and 3.5nm for the
Pd/Pt—PVmanoclusteusingthe D, valueobtained
from Eqn [5]. The D, value for the Pd/Pt—PVP
nanoclustergives an astonishinglylarge rg value
(18 nm). This may mean that there are some
aggregategbarticlesin solution.

Dispersionpeaksfor Pt—PVPcould not be fit by
neitherEqn[1] or Egn[5]. Althoughthe peaksfor
Rh—PVPcould befit by Eqn[1], rs valueswereas
large as 28nm. The TEM photographfor this
dispersion (Fig. 2c) shows aggregatedparticles.
Although some particle aggregationmay have
happenedn the processf the samplepreparation
for the TEM observationdispersionpeakssuggest
thatthereareaggregategbarticlesin solution.

Thesekinds of aggregationof PVP-protected
metal nanoclustersn colloidal dispersionswere
also observed by small-angle X-ray scattering
analysisof colloidal dispersionof PVP-stabilized
platinum, rhodium, and Pt/Rh nanoclusters$? The
authors have proposed a hierarchy in spatial
organizationof metal nanoclustersThe hierarchy
startsfrom the smallest‘fundamentalmetal nano-
clusters’, ‘superstructureof fundamental metal
nanoclusters’andthenfinally ‘higher-orderorga-
nization of superstructures'The large layer size
observedn the presentexperimentsould suggest
the superstructureis composedof polymer and
metalnanoclusters.

Metal nanoclustersstabilized by DDAPS

Dispersionpeaksfor Pt—-DDAPS Pd-DDAPS and
Rh—DDAPScouldnotbefit by Eqn[1]. Whenthese
peakswerefit by Eqn[5], onecomponenigaverg

valuesof 5-9nm and the other componentgave
evenlargerrg values.TEM photographdor these
colloids (Fig. 3) againshowaggregategarticles.

Catalytic activity in homogeneous
systems

The catalytic activities of ligand-stabilizedmetal

nanoclusteravere evaluatedfor hydrogenationof

CODandMA in homogeneousystemsTheresults
are summarizedin Table 5 along with mean
diametersand standarddeviations of the nano-
clusters. The Pd/Pt—-PVPnanoclustersshow the

highestcatalyticactivity for hydrogenatiorof COD

andMA. It is consistentvith our previousstudy:®

in which bimetallic nanoclustersare more active

and selective catalyst than the corresponding
monometallicnanoclustersWe havereportedthat

the Pd/Pt(4:1in moleratio) nanoclusterstabilized
by PVP (40.1timesthe total amountof metalions

in moles) have a relatively high activity for

selectivepartialhydrogenationalthoughpalladium

nanoclustersare relatively active but platinum

nanoclustergnactive as a catalystfor the partial

hydrogenationof COD. In the presentstudy, the

Pd/Ptnanoclusterstabilizedoy PVP (oncethetotal

amountof metalions in moles)also show higher

catalytic activity than the correspondingmono-

metallic nanoclusters.

Table 5 demonstrateshat monometallicnano-
clustersin any form are more active than the
commercialmetal-black catalysts,in which con-
siderableaggregationof large particles was ob-
served. In a series of palladium and rhodium

Table 5 Catalyticactivity for hydrogenatiorof COD andMA?

ru,/ mol-H, mol-M~*s™*

Metal nanocluster d/nm g/nm COD MA
Pd-PVP 2.88 0.745 3.35 2.48
Pd-DDAPS 3.20 0.970 3.29 2.41
Pd—phen 2.63 0.646 1.59 1.01
Pd—black — — 0.0057 0.0045
Pd/Pt—-PVP 2.63 0.380 4.70 4.77
Pt—-PVP 2.81 0.514 0.30 0.45
Pt—-DDAPS 1.61 0.435 0.41 0.53
Pt—(DDAPS)p 2.86 0.578 0.32 0.25
Pt—black — — 0.0053 0.0042
Rh-PVP 2.58 0.399 1.53 3.30
Rh-DDAPS 2.00 0.415 1.43 2.44
Rh-black — — 0.0056 0.0048

a Conditions:[substrate} 25 mmol dm~3; [catalyst]= 0.01mmol dm~3; solvent,ethanolat 30°C.

Copyright© 2001JohnWiley & Sons,Ltd.
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Figure 16 Plot of catalytic activity for the hydrogenatiorof
COD (Q) andMA ([0) vsthe averagediameterof palladium
nanoclusterga) Pd—PVP-Pr(2/3)b) Pd—PVP-Et(1/4)c) Pd—
PVP-Et(1/4)2,(d) Pd-PVP-Et(1/4)3,e) Pd—phen,(f) Pd—
PVP-Et(1/1)and(g) Pd-DDAPS.

nanoclustersthe PVP-stabilizednanoclustersare
more active than the DDAPS- or phen-stabilized
ones. However, Pt—-DDAPS nanoclustershave
higher catalytic activity than Pt—-PVP. The high
catalytic activity of Pt-DDAPSnanoclustersnay
be dueto their small particle size. In the caseof
rhodium nanoclusters,Rh—DDAPS nanoclusters
are a little smaller in averagediameterbut less
active as catalystsfor hydrogenatiorof COD and
MA thanRh—PVPnanoclustersThismaybedueto
the possibleaggregationand wider dispersionin
Rh—-DDAPSthanRh—PVPnanoclusters.

In orderto examinethe effectof the particlesize
of catalysts, palladium nanoclusterswith the
different particle size, i.e. Pd—-PVP—-Pr(2), Pd-
PVP-Et(1/4), Pd—PVP-Et(1/4)2,and Pd-PVP-
Et(1/4)3 were preparedby a stepwise growth
methodas describedabove. The palladium nano-
clustersobtainedin this mannerwere also sub-
mitted to measuremendf the catalytic activity for
hydrogenation.The resultsare plotted in Fig. 16
along with other data. The catalytic activity for
hydrogenationof COD (Q) gradually increases
with decreasingparticle size of the palladium
nanocluster,and reachesa maximum (5.05 mol-
H, mol-Pd™* s7) whenthe averageparticlesizeis
2.2nm. A similar relation is observedin hydro-
genation of MA ([1J). However, the Pd—phen
nanoclustershave a lower catalytic activity than
that expected from the particle size. This is
probably becausethe substrate,COD and MA,
may not easily approachto active sites on the

Copyright© 2001JohnWiley & Sons,Ltd.

Table 6 Dependencef catalytic activity of platinum
nanoclustersor hydrogenatiorof MA uponthe solvent

ru,/ mol-H, mol-Pt *s™*

Metal nanocluster Water Ethanol
Pt—PVP 0.36 0.45
Pt—-DDAPS 0.45 0.53
Pt—(DDAPS)p 0.31 0.25

@ Conditions: _ [substrate} 25 mmoldm™3; [catalyst]=

0.01mmol dm~3%; at 30°C. Solvent:water (30 ml) andethanol

(30ml).

surfaceof Pd—phemanoclusterssince phenmol-
eculescoordinatestrongly to the metal,and cover
the surfaceof palladiumparticles.A similar effect
of stronglycoordinatingligandshasbeenobserved
for triphenylphosphine-stalied platinum nano-
clusterst®

In orderto examinethe matrix effect of ligands,
the catalyticactivity of metalnanoclusterin water
wascomparedwith thatin ethanol.Theresultsare
shownin Table 6. In the caseof Pt—PVPand Pt—
DDAPS nanoclustersthe activities in water are
smallerthanthosein ethanol.The highercatalytic
activity in ethanolthanin watermay be associated
with thedispersibilityof Pt—PVPandPt—-DDAPSIn
solution. In contrast,Pt—(DDAPS)pin ethanol,in
which considerableaggregatiorwasobservedhas
a lower catalyticactivity thanthatin water.

Activity of the charcoal-supported
palladium nanocluster catalysts

Becauseof the opportunityfor comparisonall the
metal nanoclusterswere depositedon the same
charcoalsupportto produceheterogeneousata-
lysts. The Pd-DDAPSon C catalysthas a metal
contentof 4.83wt% palladium.The Pd—pheron C
catalystandthe Pd—PVPon C catalystboth havea
palladiumcontentof 5 wt%.

Every catalystwas testedfor four timesin the
hydrogenationof cinnamic acid, a standardsub-
strate that is routinely applied for commercial
industrial palladiumcatalysts.The set-upusedfor
determiningthe catalystactivity is describecelse-
wheré and analogouslybuilt up to an industrial
testingapparatususedfor catalystquality control.
Thehighestactivity of the catalystss alwaysfound
at the start of the reaction and, therefore, the
hydrogen consumptionin the first 5min after
catalystactivation(1 min) is takenasthe measure
for the maximal activity ry,. This activity ry, has
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Table 7 Catalyticactivity of charcoal-supportepalla-
dium nanoclusters

Catalyst ru,/ mol-H, mol-Pd ™t s™*
Pd-DDAPSon C 2.524+0.057
Pd—pheron C 0.198+ 0.019
Pd-PVPon C 0.0431+ 0.0033

beenmeasureasthe uptakeof hydrogenin moles
per mole of palladiumper second([ry,] = mol-H,
mol-Pd ! s71).8 Resultsare shownin Table7.

For testingthe stability of the apparatusiuring
the test phaseand for the determinationof the
standardleviationof theresultswe haveexamined
anindustrial catalystbefore,betweenandafter the
testsof the other catalystsIt wasfound that there
wasno trendin the measuredralues,which means
thatthe reactorwasin orderduring the testphase.
The standarddeviationof the meanvaluesis about
7%. The maximal activities determinedfor the
charcoal-supporteghalladium nanoclustersare in
the ratio Pd—DDAPSon C catalyst:Pd—pheion C
catalyst:Pd—PVPon C catalyst=58.5:4.6:1.This
meanghatin thecinnamicacidtestthe Pd—DDAPS
on C catalystis aboutl2 timesmoreactivethanthe
Pd—phenon C catalystand about 60 times more
activethanthe Pd—PVPon C catalyst.This resultis
in strongcontrastto the resultsfor the hydrogena-
tion of COD and MA in the homogeneoughase,
where the PVP-stabilizedpalladium nanoclusters
arethe mostactiveones.We do notknowthe clear
reason,but a possibleexplanationis due to the
difference in aggregationstructure of palladium
nanocluster®n charcoal,since PVP might floccu-
late in the THF usedfor supportingthe palladium
nanoclustersFurtherinvestigationwill be neces-
saryto provethe precisereason.

CONCLUSION

Comparisonof characteristicproperties,such as
particle size and catalysis, was carried out for
variousligand-stabilizednoble-metalnanoclusters
preparedby variouschemicalmethods.The TEM
observationsshow mean diametersand standard
deviationsof thesemetal nanoclusterTable 2)
that rangefrom 1.3 to 4.0nm and from 0.26 to
0.97nm respectively,dependingon the kind of
metal and the preparationmethod.If the relative

Copyright© 2001JohnWiley & Sons,Ltd.

standarddeviationsare calculatedfor thesenano-

clustersexaminedin the presentinvestigation,the

smallestvalue (14%) is obtainedfor Pd/Pt-PVP,
i.e. the Pd/Ptbimetallic nanoclustergpreparedby

alcoholreductionin the presenceof PVP. Among

monometallic nanoclusters, Pd-PVP-Et(1/4)
(16%), Pt—PVP(18%), and Rh—PVP (16%) have

the smallestrelative standarddeviationsfor palla-

dium, platinum and rhodium nanoclustersespec-
tively. Theseresultssuggestthat PVP is the best
stabilizer, even though only a small amount
(PVP/M=1) of PVPwasused.

A Taylor dispersionmethodwas appliedto the
presentcolloidal dispersionsystemin order to
understandthe thicknessof the protective layer.
Thisis successfulor thesurfactant-stabiliedmetal
nanoclusterdike Rh—TOAB, Pt—TOAB and Pd—
TOAC (Table3). However,very largevalueswere
obtainedfor the PVP-stabilizednetalnanoclusters.
This is probably becausehe adsorbedPVP mol-
eculescould expandinto the ethanolsolventand
sometimedorm aggregateduperstructuresn this
case,not only one, but also two or three com-
ponentscan be obtained(Table 4), suggestinga
hierarchy in spatial organization of polymer-
stabilizedmetalnanoclustersn dispersions.

Catalytic activities of noble-metalnanoclusters
are much higherthan the correspondingcommer-
cial metal-black catalysts. Among palladium,
platinum and rhodium nanoclustersthe catalytic
activity for hydrogenatiorof olefinincreasesn the
following order, dependingon the kind of metal:
Pt< Rh< Pd. The Pd/Pt bimetallic nanocluster
showshigheractivity thanpalladiumnanoclusters.
As for palladiumnanoclustergheactivity depends
on the patrticle size, i.e. the smallerthe size, the
highertheactivity in generalHowever the particle
size is not the only parameterto determinethe
activity. The stabilizercould influencethe activity
(seeFig. 16). For example,1,4-phenanthrolinés a
good stabilizer to stabilize particles, but a bad
stabilizer for catalysis.In addition, it should be
mentionedthatthe presentatalyticactivitieswere
measuredy the catalyticreactionin the dispersed
solution. Theresultswould be quite differentif the
catalyticactivitiesweremeasuredy the supported
catalystusingthe samenanoclusters.
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