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Report:

The aim of the present experiment was to resolea#imoscopic mechanisms of metal nanoparticle
formation during a typical procedure that is frequly utilized in various chemical routes to
nanoparticle synthesis.

The general problem consists in the fact, thaptioeedure is described by a number of subsequent
steps, of chemical reduction, nucleation, growthgening phenomena. The interplay of these steps
largely determines the final sizes, shapes or att@phological properties of the particles [1].dugh
there are decades of work devoted to this probtendetailed understanding of the process is availab
in particular concerning the atomic scale and nealesstructure evolution.

We studied an apparently simple system, the Tuckereduction method, which yields rather
monodisperse gold particles, whose sizes can loeddiby the concentration of the reductant, wich
typically sodium tris-citrate. Despite a seemingjiyple reaction of reducing gold ions to neutrad a
let them cluster together both on the chemical aron the clustring side several kinetic steps ar
present, that lead to an enrolement of the syrdlmsa time scale that spans 15 decades in time:
(photo)reduction of trivalent gold ions to divaleoms on a picosecond time scale, disproportionatio
reactions to form neutrals on the microsecond 8o#e, clustering of atoms to primary particleghon
second scale, formation of secondary particlesyemtinute scale and finally particle smoothing and
ripening on the hour scale.

The setup was designed to premix a solution of ggtitochlorate with citrate at a defined
concentration with the possibility of adding PVRypoers as strong stabilizer for small particlegrth
start the x-ray exposure of a fixed aliquot simmdtausly with UV irradiation, that provides the iaiton
of the reaction by converting Au(lll) to Au(ll). Eineafter the following reaction is found to enrofe
the minute to hour time scale as established iica@pxperiments [1].

Therefore the CCD camera was exposed and read fixeé rate, which could be as fast as 0.5 Hz
while utilizing exposure times of 0.05 — 0.2 secoddpending on the scattering power of the sample.



We recorded small angle scattering at two detetisdances in order to allow for a different resint
ranges. The larger distance at 5m from the saml2 keV was necessary due to the large final ©ifes
the particles (in the range of 20-40 nm) in oraealtow to record the Guinier region.
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Fig. 1: Series of SAXS profiles of the solutiongobwing nanoparticles for different elapsed timitsra
the start of the photoreduction in a Kratky repnéggon. The upper left plot shows the radius of
gyration together with the invariant (q scaled gné& over the scattering curve)

As expected we could observe the particle growthiclvis smooth in terms of size (the radius of
gyration increases smoothly and then saturategnwbking PVP, which stabilizes smaller particles. A
the same time the invariant shows some undulattbesnost prominent of which is seen after about
100 seconds. This feature is reproducible and itiabes an interesting aspect of the reaction.ntbea
pulsating, where periods of nucleation are followggeriods of cluster collapse and deserves more
attention. The other reactions carried out witH®uP show larger particles and an even more
complicated intermediate schemes, which were akssept in purely optical experiments [1]. We are
currently quantitatively analysing these results.

Another interesting observation is the time scéalie reaction, which is considerably faster thamlab
based kinetics. When additionally comparing thenginckinetics at different x-ray exposure frequescie
one finds a variable reaction speed with, howgweserved phenomenology. This shows, that the
photoelectrons produced by the x-ray beam arefameeit reductant.
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