
EXAFS/XANES, chemisorption and IR
investigations of colloidal Pt/Rh bimetallic
catalysts²

K. Siepen,1³ H. BoÈ nnemann,1* W. Brijoux,1 J. Rothe2§ and J. Hormes2**
1MPI für Kohlenforschung, Postfach 101353, D-45466 Mu¨lheim/Ruhr, Germany
2Physikalisches Institut der Universita¨t Bonn, Nussallee 12, D-531 15 Bonn, Germany

Bimetallic Pt/Rh heterogeneous catalysts based
on nanoscaled colloids supported on activated
charcoal have been shown to exhibit maximum
activity in hydrogenation of butyronitrile at a
composition of 10 atom% Pt and 90 atom% Rh
in the metallic core. This synergetic effect has to
be traced back to the special structure of the
bimetallic nanoparticles as elucidated by X-ray
spectroscopy and CO chemisorption. The sur-
face of Pt/Rh particles was investigated by CO
chemisorption combined with IR spectroscopy.
It has been shown that a Pt10Rh90colloid exhibits
the maximum ability to chemisorb CO, com-
pared with other compositions. Based on the
detection of the different types of bonding of CO
molecules to the metal surface and the EXAFS
results, our measurements reveal surface en-
richment of the Rh component. The surface
structure of the particles, which varies with the
elemental composition, and the presence of a Pt-
dominated core influence the CO chemisorption
ability as well as the hydrogenation efficiency of
the Pt/Rh colloid catalysts. Copyright # 2000
John Wiley & Sons, Ltd.

1 INTRODUCTION

Metal colloids are particularly well suited for the
preparation of highly active and selective hydro-
genation and oxidation catalysts because of their
narrow particle size distribution and small particles
in the optimum range of 1–5 nm.1–3 Their catalytic
properties are often superior to those conventional
catalysts. The specific synthesis of nanoparticles
with a well-defined size distribution and a bi- or
mono-metallic composition is independent of the
influence of the support material, as the colloidal
particles are pre-formed and can be deposited on
various supports from organic or aqueous solution
by simple adsorption.

In this work, the separate investigation of the
active metal component according to the precursor
concept2 has been shown to be helpful in under-
standing the reasons for the superior behavior of the
specific catalyst. In the case of bimetallic particles,
effects caused by the special geometry of adsorp-
tion sites (ensemble effect) or electronic effects
based on the alloying of two transition-metal
species at the surface or within the particle core
(ligand effect) have been attributed responsibility
for higher catalytic activities compared with
monometallic catalysts. X-ray absorption spectro-
scopy (XAS) has been proven to be a spectroscopic
technique especially well suited for the investiga-
tion of the electronic and geometric structure of
small metallic particles in the absence of well-
defined crystal structures.4,5 While this holds
especially for the detailed analysis of the extended
x-ray absorption fine structure (EXAFS) and its rich
information content on structure parameters such as
bonding lengths and coordination numbers,6 the
additional information exposed by the X-ray
absorption near-edge structure (XANES) has often
been disregarded.
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2 EXPERIMENTAL

Colloid synthesis

Under argon RhCl3 and PtCl2 (in quantities
corresponding to 0, 10, 30, 50, 70, 90 and
100mol% Rh) were suspendedin dry tetrahydro-
furan (THF). At 50°C a 0.2M solution of
N(octyl)4BEt3H in THF wasaddeddropwisewithin
16h with stirring. A black–brown solution was
obtained.After additionof 2 ml dry acetoneatroom
temperaturethe solution was stirred for 1 h. At
0.1Paall volatile organicmaterialwasevaporated,
yielding a greasyblack solid, which was readily
soluble in THF, toluene and acetone.The raw
product was dissolved in 2 ml diethyl ether
(technicalquality) and precipitatedby addition of
50ml absolute ethanol. After several hours of
sedimentationthe clear supernatantsolution was
decantedand the residue was dried for 16h at
0.1Pa. A black pyrophoric powder was obtained
which is solublein THF, tolueneandacetoneand
hadto behandledunderan inert atmosphere.

CO chemisorption

CO chemisorptionwas conductedusing a Micro-
meriticsASAP 2010chemisorptionsystem,apply-
ing thestaticmethod.Beforethemeasurementsthe
samplesweredegassedat 150°C/10ÿ4 Pafor 16h
to removechemisorbedgasesandwater.Theywere
then reduced in situ with hydrogenat 40°C to
removesurfaceoxides.The conditionsof pretreat-
ment had beenoptimizedwith rhodium (Rh) and
Platinum(Pt)catalysts.Thepurity of thegasesused
was>99.99%.First,a chemisorptionisothermwas
recorded, followed by the measurementof a
physisorptionisothermafter 30min of degassing
at 35°C and 10ÿ4 Pa.The differencewasusedto
calculatethevolumeof thechemisorbedgas.

C IR investigations

IR measurementswere carriedout with a Nicolet
7199andBruker IFS 48-FT-IR spectrometer.The
sampleswerepreparedasKBr pelletsin thecaseof
powdersor betweentwo KBr platesin the caseof
greasy substances.Generally, IR measurements
were not conducted with supported catalysts,
because in the case of oxidic supports the
coordination mode of CO to the metal surface
was influenced, while in the case of activated
charcoalIR detectionof CO wasnot possible.To
eliminate theseinfluences,the pure colloids were

chargedwith CO in solution (THF) simply by
bubblingCOgasthroughthissolutionfor 30min at
ambienttemperature.By meansof in-situ IR and
NMR investigations,it had beenshown that this
time is sufficientto generatea maximumcoverage
of thesurface.After thisprocedure,thesolventwas
evaporatedundervacuum(0.1Pa).

X-ray absorption measurements

All samplepreparationand measuringstepswere
carried out strictly under inert gas conditions in
orderto avoidanyair contactof thefinely dispersed
metal particles. X-ray absorption spectra were
recorded using synchrotron radiation from the
Electron Stretcherand AcceleratorELSA7 (Bonn
University Institute of Physics).The accelerator
was run at electronenergiesof 2.3GeV (Rh) and
2.7GeV (Pt), respectively, and at an average
currentof about40mA in storagering mode.The
method of inert gas sample handling for XAS
measurementsin the standardtransmissiontech-
niquehasbeendescribedelsewhere.8 Argon-filled
ionization chambers(Pt LIII , 400mbar; Rh LIII ,
20mbar) have been used for the detection of
the primary and the transmittedbeam intensity.
For measurementsat the Pt LIII -edge(11564eV)
the Lemonnier-type9 X-ray monochromatorwas
equippedwith a pair of Ge<422> single crystals
(2d = 2.306Å). The minimum stepwidth of about
0.4eV was usedin the near-edgeregion (11550–
11600eV), while thespectrain theEXAFS region
(11600–12200eV) wererecordedwith a resolution
of 0.8eV/step.At the Rh LIII -edge(3004eV) the
useof InSb<111> crystals(2d = 7.481Å) gavea
minimum step width of about 0.1eV. Harmonic
reductionhasbeenperformedattheRhLIII -edgeby
detuningthe parallel alignmentof the monochro-
mator crystals to 50% of the maximum beam
intensity.For thecalibrationof theenergyscaleof
the monochromator,the Pt 2p3/2 or the Rh 2p3/2
energyhasbeenassignedto thefirst inflectionpoint
in the spectrumof a face-centeredcubic (fcc)-Pt
foil (2.5�m) or an fcc-Rh foil (0.5�m), respec-
tively.

In order to comparethe measuredabsorption
curves quantitatively, a linear backgroundwas
fitted to the pre-edge region (Pt LIII , 11450–
11540eV; Rh LIII , 2960–2990eV) and then sub-
tractedbeforenormalizationto the‘edgejump’, i.e.
the estimationof the height of the atomic back-
ground. The Pt LIII EXAFS measurementshave
been analyzed according to the standardleast-
squares fitting technique10 using the program
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packageof Bertagnolli andco-workers.11 For this
analysis,theoreticalphaseandamplitudefunctions
havebeencalculatedwith FEFF3.1.12

Catalytic test reaction

The procedurefor hydrogenationof butyronitrile
hasbeendescribedelsewhere.13

3 RESULTS AND DISCUSSION

Catalysis and CO chemisorption
experiments

Charcoal-supportedbimetallicPtmRhn[N(octyl)4Cl]
colloids have beenapplied as catalystsin liquid-
phasehydrogenationof butyronitrile to n-butyl-
amine. It appearsthat the Pt10Rh90 bimetallic
catalyst is the most active, which is not the case
for a simple physical mixture with the same
compositionof monometallicPt andRh catalysts.
Whereasthe activity of the Pt catalyst(5% Pt on
charcoal) is only 2 Nml H2 (g catalyst)ÿ1 minÿ1

andthat of the Rh catalyst(5% Rh on charcoal)is
64Nml H2 (g catalyst)ÿ1 minÿ1, the Pt10Rh90 cata-
lyst (5% metalon charcoal)exhibitsan activity of
135Nml H2 (g catalyst)ÿ1 minÿ1, which is more
thandoublethe performanceof the Rh catalyst.In
addition, the Pt50Rh50 and Pt30Rh70 catalystshad
higher activities than the Rh catalyst,i.e. 72 and
116Nml H2 (g catalyst)ÿ1 minÿ1, respectively.The
CO chemisorption of this series of catalysts
correlateswell with the hydrogenationactivities,
ascanbe seenfrom Fig. 1. The Pt10Rh90 catalyst
showsthe highestCO chemisorptionof 3.23cm3

(g catalyst)ÿ1 andthe Pt30Rh70 catalystthe second

highest of 2.96cm3 (g catalyst)ÿ1, whereas the
Rh catalyst chemisorbs 2.78cm3 (g catalyst)ÿ1

(Fig. 1).
Thecoordinationnumberof COto amixedPt/Rh

surfaceof colloidalparticlesis unknown,becauseit
dependson thecompositionandthetypeaswell as
the orientationof the surfacesexposed.Therefore,
IR investigations of CO-covered Pt, Rh and
bimetallic PtnRhm colloids werecarriedout. In the
caseof Pt colloids, two speciesof CO coordinated
to the Pt surface could be detected:a linearly
bondedCO type with an absorptionband at ca
2000cmÿ1 andonewith bridge-bondedCO with a

Figure 1 CorrelationbetweenCO chemisorption(gray bars)
andbutyronitrile hydrogenationactivity (black bars)of Pt, Rh
andPt/Rhcolloid catalysts.

Table 1 Coordinationmodesof CO bondedto Pt and
Rh surfaceatomsfor colloid particles

Dicarbonyl Linear Bridged

CO—Rh�—CO Rh—CO Rh—CO—Rh
2064� 1988cmÿ1 2004cmÿ1 1855cmÿ1

Pt—CO Pt—CO—Pt
2019cmÿ1 1800cmÿ1

Figure 2 IR spectraof CO-coveredPtmRhn colloids; m/n =
(a) 1:0; (b) 9:1; (c) 7:3; (d) 5:5; (e) 3:7; (f) 1:9 (g) 0:1.
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broad absorption band at ca1800cmÿ1, which
correspondsto results obtained with Pt single-
crystal surfaces.In the caseof the Rh and Pt/Rh
colloids,a third typeof COcoordinationappears:a
Rh–dicarbonylspecies,where two CO molecules
arebondedto oneRh atom,which hasthe formal
chargeof 1�.14 Resonancerepulsion causesthe
splitting of the absorption into two absorption
bandsat 2064cmÿ1 and 1988cmÿ1, respectively
(Table1). This absorptionis specificfor Rh atoms
present at the surface and is described in the
literaturefor conventionalsupportedRhcatalysts.15

Its intensityincreaseswith rising Rh contentof the
colloids. The Pt10Rh90 colloid exhibitedthe maxi-
mum intensity of dicarbonyl absorption(Fig. 2).
This correlateswith the resultsof CO chemisorp-
tion at supportedPt/Rh colloids. The ratio of
dicarbonylabsorptionandlinear absorptionis also
influencedby theoxidationstateof thesurfaceRh
atoms. By an oxygen treatmentbefore the CO
loading, the numberof Rh� centersat the surface
can be enhanced,whereasa hydrogentreatment
reducesthem(Fig. 3). TheIR spectraof CO-loaded
Pt colloids are inert to oxygen or hydrogen
treatment. There are no CO absorption bands
detectabledueto CO boundto Pt� or Pt2�, which
would beexpectedat ca 2100cmÿ1

Pt LIII EXAFS

The EXAFS function and Fourier-filteredEXAFS
of thePt andPt/Rhcolloidsareshownin Fig. 4. In
order to demonstratethe quality of the data the
EXAFSfunctionasextractedby normalizationto a
polynomial function, i.e. to the unknown atomic
background,hasbeengivenin thecaseof Pt100. The
Fourier-filtered first coordination shell EXAFS
signals of Pt70Rh30, Pt50Rh50 and Pt30Rh70 indi-
cate—by the characteristic beat structure—the
presenceof both Pt and Rh next-neighborsof Pt
absorbersin thecolloid particles.Thishasalsobeen
verifiedby thesimulationof acomparablespectrum
with FEFF7,16 basedontheassumptionof aregular
fcc structurewith a random distribution of both
metals. Significant changesin the k3-weighted
EXAFS-functionsat different metal compositions
of the colloid precursorscan be observed.The
Fourier transformationsof the EXAFS functions
are shownin Fig. 5. Again, the transformationof
the EXAFS function as extractedhasbeengiven
only for the Pt100 colloid. For all samplesthe
transformation magnitude is dominated by a
prominent structure between about 1 and 3 Å,
comprisingthreemore or lessresolvedpeaks.As

canbeseenin Fig. 5 (top left), removalof noise—
andpossiblecontributionsfrom moredistantback-
scatterers—donot significantly influence these

Figure 3 IR spectraof CO-coveredRh[N(octyl)4] colloid: (a)
withoutanypretreatment;(b) afterhydrogentreatment;(c) after
air treatment.

Figure 4 Pt LIII EXAFS: EXAFS function of the Pt colloid
(—), FourierfilteredEXAFSfunctions(—) of thePt andPt/Rh
colloids andbestfits (*).
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structures.In order to determinestructural par-
ametersfrom theEXAFS,10 we haveexaminedthe
reproducibility of the first shell filtered data by
meansof a two-shell fit using Pt and Rh back-
scatterers.Theresultsobtainedby theleast-squares
fitting procedureof the Fourier-filtereddata are
presentedin Table2. Theerrormarginshavebeen

estimated following the method by Teo.17 In
agreement with the findings of several other
authors,e.g. in the caseof the investigation of
PVP-stabilizedPt/PdandPt/Rhcolloids by Toshi-
ma andco-workers18,19 or the N(butyl)4-protected
Pt/Pdcolloidsby Kolb etal.,20 it turnedout thatthe
two peaksat higherR valuescannotbeascribedto
either of the individual metals. This doublet
structureis quitecharacteristicfor thesuperposition
of the amplitude and phase functions of both
backscatterers.The first, less well defined peak
aboveabout1 Å (30:70)or 1.5Å (50:50,70:30—
disregardingthe phasecorrection) can be traced
back to the presence of one or more light
backscatterers(N, O, C) at a distanceof about
2 Å. Consideringthese contributions,which are
missing in the spectrum of the metal foil,
significantly improvesthe fit in the low-k region.
Moreover,in the caseof the Pt70Rh30 sample,this
peak, due to the light backscatterers,cannot be
safely separatedfrom the signal of the metal
backscatterers.A similar peak was observedin
thecaseof monometallicPt[N(octyl)4]

� (Fig 5 top
left, Table 2). Probablyas a consequenceof the
superpositionof theinfluenceof thetwo metals,no
contributionof the halogenideto the EXAFS has
beendetectedfor thebimetallic colloids.Note that
in the caseof the pure Pt colloid the Br signal is
superimposedon the side lobe due to the Ram-
sauer–Townsendmodulationof thePt backscatter-
ing amplitude.21

First, a remarkabledecreasein the first shell
coordinationnumberof 12 for Pt atomsin the fcc-
type lattice to abouthalf thatvaluefor Pt in Pt and
Pt/Rhcolloidshasbeenfound.Thisresultcannotbe
explained solely by assuminga high degreeof
surfaceatomswith missingnext-neighborsin the

Figure 5 Pt LIII EXAFS: Fourier transformation of the
EXAFSfunctionof thePt colloid (---), Fouriertransformations
of the filtered EXAFS functions (—) of the Pt and Pt/Rh
colloids andbestfits (*).

Table 2 Structureparametersandestimatederrormarginsderivedfrom EXAFSanalysisof thePtandPt/Rhcolloids

Colloid Backscat. R� 0.01(Å) N� 0.5 �2� 0.002(Å2) DE0� 1 (eV)

Pt30Rh70 Pt 2.65 3.4 0.0048 ÿ2
Rh 2.65 1.7 0.0049 6
N 1.82 0.4 4.0E-8 ÿ7

Pt50Rh50 Pt 2.71 4.5 0.0071 7
Rh 2.69 1.3 0.0026 6
O 2.02 0.4 2.0E-7 8

Pt70Rh30 Pt 2.71 6.0 0.0088 6
Rh 2.70 1.2 0.0096 8
N 2.11 0.3 6.0E-7 4

Pt100 Pt 2.75 5.9 0.0066 9
Br 2.44 0.2 2.5E-7 ÿ2
O 2.00 0.8 1.0E-8 12
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colloid particles.An idealizedfour-shell Pt or Rh
cluster of about 2.2nm diameter would exhibit
about 50% of the atoms in surface positions,
leadingto an averagecoordinationnumberwhich
is close to 10. What seemsto be as likely is the
influenceof staticaswell asdynamicdisorder,i.e.
thepresenceof a largefractionof ‘ill-coordinated’
Pt atoms in the severely distorted and highly
fluxional nanoscalelattice. This explanationhas
been given by Di Cicco et al.22 to explain the
decreasein coordination numbersin ball-milled
nanometeriron particlesderivedby EXAFS. In the
case of bimetallic alloy particles, a cumulant
analysis to evaluatethe influence of thermal or
static disorder on the coordination number is
complicateddueto the fact that the first-shellpair
distributions are not monoatomic.23 However,
severalauthors,e.g.BoyanovandMorrisonin their
study of zeolite-supportedplatinum clusterscon-
taining only 10–25 Pt atomson average,24 have
shown identical results for a cumulant analysis
comparedwith thestandardmethod,staticdisorder
in their casethusbeingsymmetricon average.

Secondly,only a slight decreasein the inter-
atomic distancehas been found in the case of
colloidalPt (2.75Å vs.2.77Å bulk value),whereas
thenanoscalealloyingyieldsPt–PtandPt–Rhnext-
neighbordistanceswhich arecloseto the Rh bulk
value of 2.69Å for Pt70Rh30 and Pt50Rh50. As
alreadymentionedabove,it is well knownthat the
standardEXAFSanalysisof nanometer-scalemetal
particlesmayleadto theunderestimationof atomic
distancescausedby disregardof the anharmonic
movementof a largefractionof thesurfaceatoms.
Ontheotherhand,moleculardynamicssimulations
point to the adjustmentof the bulk value of the
next-neighbordistance, when metal clusters of

diametersof more than 2 nm are considered.25

Consequently,thedifferenceof 0.02Å betweenthe
Pt bulk value and the correspondingfit parameter
obtainedin thecaseof themonometalliccolloid can
be regardedas a good estimateof the maximum
distanceerrordueto thestandardanalysis.

Interestingly, in the caseof Pt30Rh70 an even
lower distanceof 2.65Å hasbeenfound for both
Pt and Rh backscatterers,indicating a somewhat
stronger lattice contraction when the colloid
particularcontainexcessRh. Looking at the ratio
of thefirst-shellPtandRhcoordinationnumbers,it
becomesclear that no randomdistribution of the
metalsresultsfrom co-reductionof the respective
halogenides.As has been shown also by IR
measurementson chemisorbedCO, Rh is enriched
at thesurface,giving rise to a higherPt concentra-
tion in the center of the bimetallic particles.
Nevertheless,the presenceof light elements—
probablybelongingto the surfactantshell or to a
surface oxide layer—as next-neighbors to Pt
absorbershas been reported. Thus a complete
segregationof both components,i.e. the formation
of a closedshellof Rh atomssurroundinga purePt
core(aspostulatedby Toshimafor PVP-protected
Pt/Pdcolloids) is ratherunlikely. In the Pt30Rh70
sampletheRhconcentrationin thecoreseemsto be
sufficient to give rise to a more homogeneous
structurewith equal Pt–Pt and Pt–Rh distances.
This specialstructuremay alsobe responsiblefor
theincreasedcatalyticactivity of theseparticles,as
comparedwith pureRh colloids.

Rh LIII and Pt LIII XANES

ThenormalizedRh LIII andPt LIII XANES spectra
of thePt andPt/Rhcolloidsarepresentedin Fig. 6
in the regionof the LIII resonances(2p3/2 → 4d5/2
and2p3/2 → 5d5/2 transitionsrespectively).In both
setsof measurementsthemaximaof thewhite lines
of thebimetallicsamplesareshiftedonly slightly to
higherenergies(Rh, 0.2eV; Pt, 0.5eV) compared
with the spectra of the respectivemetal foils.
Whereasthemeasurementsof thecolloidsat thePt
edgerevealnosignificantdeviationsof theintensity
andof the areaof the resonancesfrom eachother,
theinfluenceof theratioof themetalconcentrations
is quiteobviousat theRhedge.Heretheresonances
show a decreasingintensity with increasingRh
concentration,while thespectrumof themetalfoil
exhibits the most intensewhite line. Considering
the similar resultsof Sinfelt et al. for bimetallic
Os/Cu clusters,6 the varying intensity of the Rh
LIII white line can be interpretedas due to the

Figure 6 Left: Rh LIII XANES of fcc Rh and the Pt/Rh
colloids.Right: Pt LIII XANES of fcc Pt andthe Pt andPt/Rh
colloids.
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increasingchargetransferfrom the Rh component
to thePt componentwith decreasingRh contentin
the particles.This conclusionis alsosupportedby
theinterpretationof thetransition-metalL XANES
given by Sham26 or Mansour,27 who ascribethe
white line intensityto thedensityof unfilled d-like
electronicstatesat the Fermi level scannedby the
excited 2p3/2 electrons. In the case of the Pt/
Rh[N(octyl)4

�] colloids, it is reasonableto assume
that in spiteof themetalsegregationtheincreasing
Rh content leads also to the enrichmentof this
componentin thePt-dominatedcoresof thecolloid
particles.Consequently,a largerfractionof theRh
atomsinteractsdirectlywith Ptatoms,thusforming
a nanoscalealloy (seealso the EXAFS resultsfor
Pt30Rh70). Accordingly,in thecaseof Pt70Rh30 the
electronic state of the Rh atomsenrichedat the
surfaceis rathersimilar to thatof Rh metal,i.e. the
Rh XANES is dominatedby the larger fraction of
Rh surfaceatoms.

Theshiftsof theRhLIII andthePtLIII whitelines
arecloseto the energystepwitdths of 0.1eV and
0.4eV at theRh andthePt LIII -edge,respectively,
but they all point in the same direction. The
broadeningof thewhite linesandtheshift to higher
energiescanbe tracedback to the presenceof Rh
atomsor Ptatoms,respectively,in anon-zerovalent
state due to the interaction with chemisorbed
oxygen or halogenides(compare with the IR
measurements).As canbe deducedfrom the ratio
of next-neighborcoordinationnumbersfound by
EXAFS, evenin the caseof excessRh concentra-
tion thePtabsorbersarepredominantlycoordinated
by Pt backscatterers.Thus,on averagethe electro-
nic influenceof theRh componrentsremainsweak
at thePt LIII -edge.

4 CONCLUSIONS

Considering the low next-neighbor distance of
2.65Å obtainedfor our Pt30Rh70 alloy colloid, the
improvedperformanceof the correspondingcata-
lyst seems to be due more to the geometric
(ensemble)effect of the specialparticle structure
presentwhenanexcessRhconcentrationis present.
Nevertheless,from our CO chemisorptionexperi-
ments, we concludethat Pt atoms influence the
chargedensityof Rh atomsat the surfaceof the
nanosized particles, as all our measurements
otherwisepoint to a surfaceenrichmentof the Rh
componentfor all Pt/Rhcompositions(notethat in
the caseof bulk alloys the Pt componenttendsto

segregateand be enrichedat the surface).Partial
oxidation of the Rh surface atoms is certainly
causedby tracesof oxygen,whicharepresenteven
whenworkingunderinertgasatmosphere,andthus
give rise to the formationof thecharacteristicRh�

dicarbonyl species. Nevertheless,our XANES
measurementspoint to the fact that Pt coreatoms
are capable of drawing electrons from the Rh
surfaceatoms,leadingto anadditionalligandeffect
which alsomight explainthesuperiorperformance
of thePt30Rh70- Pt10Rh90-derivedcatalysts.

Acknowledgement We gratefully acknowledgethe financial
supportof theBMBF, Bonn,underContractNo. 03D0007A2.

REFERENCES
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