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From Pt molecules to nanoparticles: unstable and decomposes into zerovalent platinum atoms, which
. . . then nucleate to small nanoparticles. We performed an ASAXS
in-situ (anomalous) small-angle X-ray scattering experiment to study this particle formation in situ.
studies
For the in situ SAXS/ASAXS experiment, Pt-acetylacetonate
Pt(acac) was dissolved in toluene and a solution of

a a . b
H_'_'G' Haub?Id * T. Vad', N. Waldofner” and H. trimethylaluminum AI(CH); in toluene was then added under argon
Bonnemann atmosphere. The reaction mixture was transferred to a sealed
capillary tube and quenched to —78 °C. The samples were prepared
“Institut fir Festkdrperforschung, Forschungszentrum Jilich at the MPI in Miilheim and brought to the JUSIFA beamline at the
GmbH, D-52425 Jiilich, Germany, " Max-Planck-Institut fiir Hamburg Synchrotron Radiation Laboratory HASYLAB-DESY,
Kohlenforschung, D-45466 Miilheim an der Ruhr, Germany where the measurements were performed at room temperature.

] ~_ The SAXS measurements were performed with synchrotron
Anomalous small angle X-ray scattering was employed to monitor inadiation from the storage ring DORIS at the small-angle scattering
situ the formation of colloidal Pt particles by the reaction of peamline JUSIFA (Hauboldet al, 1989,  http://www.fz-
Pt(acac) and AI(CH3) in solution. An intermediate complex jyelich.deliff/personen/H.-G.Haubdld This beamline is especially
molecule was found to decompose to form stable Pt particles of 1.designed for anomalous scattering studies at a low parasitic
nm diameter with a monomodal particle size distribution. A networkhackground scattering from the experimental setup.
like correlation in the particle positions tends to build up by organic

spacer molecules between stabilizing aluminum-organic shells. The total amount of platinum in the capillary sample was 0.07 mg
Pt per crfi sample surface. The measurements were performed with
Keywords: Nanoparticles; ASAXS; anomalous dispersion; colloids a 0.1 x 0.1 cisize of the primary X-ray beam, i.e. with the low

platinum amount of only 0.f1g. For this measurement, a low

1. Introduction parasitic background turned out to be mandatory.

3. Results and discussion
The preparation of noble metals in form of small nanoparticles by
wet chemical reactions plays a crucial role in the production ofSmall-angle scattering cross sections were measured in situ after
effective finely dispersed catalysts or more recently, in the field ofreaction times t between 0.8 up to 63 h at room temperature, Fig. 2.
chemical nanotechnology to synthesize nanocrystal superlattices
from these materials (Conolly & Fitzmaurice, 1999). One of the key __ 10000

questions for the chemists is the knowledge of their particle size mg F .
distributions in the solution of the reactants. Ex situ studies of 3 i tl In situ SAXS
samples, which are removed from the solution of the reactants are & r 63.0 \
often of limited value, since changes can occur during the washing § 1000 ¢ ié; ~
and drying procedures. To achieve in situ information on the ¥ F 29— .
formation of Pt nanoparticles in solution, anomalous small-angle X- § [ 23—
ray scattering (ASAXS) was employed to monitor in situ the § 08—
. . . . . . . » 100 E
formation of colloidal Pt particles and to examine their particle size o, E
distributions. S i
§ [
2. Experimental B 10 E
T E
(8] [
We studied the formation of platinum nanoparticles by a wet ¢ r
chemical synthesis. The preparation method was a reductive I
stabilization of nanoparticles with aluminum-trialkyls, which was " -
developed recently by Bonnemann and co-workers (Bénneetann 0.01 0.1  Scattering vector Q [A%] 1
al., 1999), Fig.1. Figure 2

In situ SAXS scattering cross sections at an X-ray enkigy11.46

HBCW% Ny HC \?K L o keV after increasingeaction at room temperature.

(o] [e] CHy El CH= |

y/ +Al{CHz)3 HE o I/A" [ . L L “i@acac

O -2 S T & s With increasing reaction time, the scattering intensity increases by
HCJ\)\CH - b, half an order of magnitude, whereas the overall shape of the
3 3

1.2 nm scattering curves remains essentially unchanged. This indicates that

Figure 1 an increasing amount of nanopatrticles is formed with equal sizes

during the course of the reaction. This interpretation, however, is not
unambiguous, since there is an unknown scattering contribution
o from the organic molecules in the solution.

From the combination of NMR, XANES and EXAFS spectroscopy,
one retrieves the formation of an intermediate organometallic T get rid of this unknown scattering contribution, we used two X-
molecule with two platinum atoms (Bénnemaetral, 2002) as the 4y energies for our measuremeriis= 11.46 keV and a second
initial step in the reaction. This binuclear platinum complex is rathelgnergye, = 11.54 keV, both in the pre-edge energy region of the L

Reaction path of the reductive stabilization of Pt nanoparticles with a
protective organic shell.
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X-ray asorpton elge d plainum. Hereby anomé#ous scatteng Fig. 4 for the mean particle radi(i®y and the mass fraction,aricie/
(Cromer & Liberman, 1981), the atomic scattering amplitudes of thany,, of Pt atoms transformed into particles.

platinum atoms are reduced by about 10% and the scattering

contributions from Pt structures become energy dependent, whereas

background scattering contributions as from the organic molecules 8
remain unaffected and can be subtracted out (Hawchd, 1994, 7L <R>T[A]
1995, 1996, 1999). - - =
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Figure 3

In situ ASAXS small-angle scattering cross sections for reaction times 3.6

and 65.4 h at two X-ray energies= 11.46 keV andE, = 11.54 keV in

the pre-edge region of the IX-ray absorption edge of Pt atoms. Fitted

difference cross sections of Pt nanoparticles with mean @i 5.8 A

and a monomodal tmormalparticle size distributiofinser). tlh
The resulting ASAXS difference scattering cross sections 0 o
dX/d(E;) - dXdE,) thus reflect the separated scattering from Pt 0.1 1 10 100 1000 10000

structures unambiguously. A fit is given in Fig. 3 for spherical

platinum particles in a homogeneous matrix with organic molecules.

Their scattering contrast in this 2-phase modeéfs, - Nmfm = Npifpe Figure 4 ] ]
f., andfp are the atomic form factors of matrix and platinum atoms, 1 'me dependence of the mean particle radigs and mass fraction
nprandny, are their number densities. The scattering cross section for Mpartid Mot OF Pt atoms transformed into particles.

spherical particles with radi then writes The amount of Pt in the particlegance Was retrieved from the

small-angle scattering data as measured quantitatively in absolute

d37d2Q) = ¢ |npfer - Nufm* I VAR) P(R) FAQ,R) dR units. The total amount of Pt in the sample was determined by X-ray
absorption from a comparison of the measured ji(pd).y, of the
Here,Q is the modulus of the scattering vector msitp/ with 29 = absorption at the Pt;LX-ray absorption edge with the tabulated

scattering angle antl = wavelength of the X-raya/(R) is the  ValueA(u/p)e of platinum atoms
volume and=(Q,R) the form factor of the particles

Motal :A(/UD)exp 1 AL P
F(Q,R) = 3 [sinQR) - QRcosQR)] / (QR®
Pt particles with a 1.2 nm size contain 53 atoms. This number is the
For the particle size distributid®(R) a mono-modal lognormal size ~ second in the row of the “magic numbers” 13, 55, 147 ... of atoms,

distribution is used with a widttor which build up energetically favorable icosahedra with closed
complete outer shells of atoms (Eehtl, 1981). This indicates that
P(R) = [(2)"2 oR]  exp[-I(RIR)/(2A)] a complete outer shell of Pt atoms is required for the formation of a

closed protective organic shell around the particle with about 53 Pt
atoms. This shell is able to stop the nucleation process of platinum
atoms into the particle, which is a basic requirement for the synthesis
of mono-disperse particles with a narrow size distribution.

The particle concentration can be expressed by the amount of
platinum in particles, denoted &garice PEr Sample surface. Their
concentration then writes= Mparicie/ (0p: (V) D); ot is the density

of metallic Pt in the particlegV) = | V(R) P(R) dR is their mean

! The mass fraction of platinum which nucleated into particles during
volume and the sample thickness.

the experiment ig = (Mparticid Mota — 0.206) / (1 — 0.206); the initial

) ) ) amountmyaricd Mot = 0.206 had nucleated prior to the start of the
From the fit one concludes, that platinum atoms nucleate into smafheasurement and is subtracted. With increasing reaction time, an

particles with mean radiR=[ R P(R) dR = 5.8 A and a rather exponential time dependence 1 - exp(tto) is found and given in

narrow monomodal lognormal particle size distribution (Fig. 3, Fig. 4 (solid line). Fig. 5 gives the fit for the fractionxl= exp(-
insert). A summary of all time-resolved ASAXS results is given in
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t/to) with a characteristic timg = 62.4 h, i.e. the amount of Pt atoms molecule between the particles. As the particles are covered with
in the precursor molecules which had not yet clustered into particleseactive Al-CH groups, this leads to the formation of a 3-D cross-
After the half time of this reactioigs = t; ¥ In2 = 52 h, 50% of the linked nanoparticle network. ASAXS was used here to separate the
bi-nuclear intermediates are decomposed. scattering of the Pt particles from background contributions, to
analyze the inter-particle correlation, and to establish the build up of

0 an inter-particle distance, which corresponds to both the thickness of
the shells and the length of the connecting hydroquinone spacer
molecules.
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Figure 5 O
Fraction (1x) of Pt atoms in precursor molecules. Fit of the exponential
time decrease (%)= exp (¥t5),to=62.4 h. Figure 6

Principle of the synthesis of the protonolytic crosslinking mechanism

-, . for Pt particles with reactive aluminum-organic protecting shells.
The decomposition rate of the precursor molecules is

d(1x)/dt = (-Lhg)exp(t/ty) = (-1ho) [1-x(t)] and decreases linear

proportional with the number [##)] of not yet decomposed The synthesis was performed with 0.5g aluminum-organic-
precursor molecules. The characteristic time of this thermallystabilized Pt colloid, dissolved in 500 ml dry tetrahydrofuran (thf).

activated process can be expressed by its activation emkrgy 5 mmol spacer molecule, dissolved in 200 ml thf, was added drop-
d(1x)/dt ~ [1x(1)] exp (U/KT). The integration| [1-x]™ dx ~ wise to the colloidal solution at room temperature. For the
| dt exp (U/KT) then yields the observed time dependencexhfl- measurement the precipitated particle network was filtered and
t exp (U/KT) or [1X] = exp (t/tg ), 1y~ exp (U/KT) as given in  washed out in thf.

Fig. 5 for the fraction (39 of Pt atoms in the precursor molecules.

The nucleation rate depends linearly on the amoum(tyL-of 8000

intermediate precursor molecules in the solution. The rate

controlling step for the nucleation is the thermally activated i g5 Particle size:
decomposition of the unstable bi-nuclear precursor molecules. The (R)=55A
time for the subsequent diffusion of the decomposed single Pt atoms Size distribution:
into the particles is on a much shorter time scale and has no Opwhm = 0.26
significant influence on the nucleation rate. If this diffusion was the
time determining process, the first order kinetics would not have
been observed. This is in agreement with the results from three other
samples (Walddfner, 2002), from which the amount of methane was
measured which accompanies the thermal decay of the intermediate
precursor molecules and is a direct measure of the amount of
decomposed molecules. A combination with the half times from
these measurements at higher temperatures yields activation energy
of about 1 eV for the decomposition of the bi-nuclear complex.
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In another experiment, ASAXS was successfully applied to
characterize metal-organic networks, which are formed by cross-
linking the aluminum-organic-stabilized platinum nanoparticles with QAY
the bifunctional spacer molecule hydroquinone (Bonnenired,

) . L Figure 7
,200,2)' T,he preparatlon pathway for this self-organizing arrangement ASAXS scattering cross section of cross-linked Pt particles. Particle
is given in Fig. 6. connection by organic hydroquinone spacer molecules (&tadl,
2002.

The reactive nature of the Al-GHroups in the organic shell at the

surface of the Pt particles allows protonolytic reactions with OH o ASAXS cross section Fig. 7, from a contrast variation
groups of su.bstlt.uents., such as the diol hydroqumone, to occur. If th@xperiment at the PtLX-ray absorption edge establishes a
substituent is bifunctional like hydroguinone, the shells of tWo ., relation peak at abo@= 0.22 A, Because of the-dependence
particles can be interconnected. Hydroguinone acts then as a spaggthe particle form factor and their size distribution, its positio@ at
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= 217d reflects the inter-particle distandeonly approximately. The  Connolly, S. & Fitzmaurice, D. (1999%dv. Mater.11, 1202-1205.
fitted curve with a log-normal particle size distribution gives an Cromer, D. T. & Libermann, D. A. (198})cta crystA37, 267-268.
inter-particle distance= 21 A and a mean particle radius 5.5 A, ECht. O. Sattler, K. & Recknagel, E. (198R}ys. Rev. Letd7, 1121.

- - . Haubold, H.-G., Gruenhagen, K., Wagener, M., Jungbluth, H., Heer, H.,
With the thickness 2 A of the surrounding shell from an ASAXS Pfeil, A., Rongen, H., Brandenberg, G., Moeller, R., Matzerath, J., Hiller, P.

measurement of _direCtI_y Conne_Cted COHOid_ particles without anyg Halling, H. (1989). "JUSIFA-A new user-dedicated ASAXS beamline for
spacer molecule in a dried colloid, one obtains a spacer length 21materials scienceRev. Sci. Instr60, 1943-1946.

11 -4 =16 A, consistent with the expected 5.8 A, which results fronHaubold, H.-G., Gebhardt, R., Buth & Goerigk, G. (L99Rpsonant

a molecular modeling calculation (SYBYL, 2000). Anomalous X-Ray Scatterinedited by G. Materlik, C. J. Sparks, K. Fischer,
pp. 295-304. Elsevier Science.
4. Conclusion Haubold, H.-G. & Wang, X.H. (1995), “ASAXS studies of carbon supported

electrocatalystsNucl. Instr. and Meth. in Phys. R&s 97, 50-54.
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stabilization with aluminum-trialkyls, the nucleation of Pt Rohler, J.J. Magn. Mater, 47/48 175-180. _ _
nanoparticles with a rather narrow size distribution could pbeSYBYL (2000), Version 6.7.1. Molecular Modelling Software, Tripos Inc.,

R . . . SA.
established from binuclear platinum complex molecules in a toluen ad, T., Haubold, H.-G, Waldofner, N. & Bonnemann, H. (2002). “Three-
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